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ABSTRACT
The field of nanomaterials has continued to grow exponentially in recent years, covering
a large range of markets and industries. The key feature of nano-scaled materials is that their
unique properties are a direct result of their small size. Recent application of these nanomaterials
in the further production of highly transparent ceramic materials has led to increased interest in
the medical imagining field.
Cerium-doped gadolinium aluminum gallium garnet (GAGG:Ce) is considered a promising
nanophosphor material for application in this field due to advantageous properties such as its
high light yield, high effective atomic number, and relatively fast decay time. Further, the
gadolinium aluminum gallium garnet and other related garnet materials offer additional
advantages for the production of ceramics, largely due to the ability of the garnet structure to
address light scattering phenomena that can reduce transparency in ceramic materials.
The overarching goal of this dissertation involves the optimization of the production and
size control of nanophosphor materials. Two particular means for synthesis are explored: highenergy ball milling (HEBM) and solution combustion synthesis (SCS). Investigations into the HEBM
synthesis illustrated the effects of alterations to various parameters for multiple nanophosphor
materials utilizing the silicon nitride, zirconia, and tungsten carbide milling systems. SCS
experiments illustrated the role of fuel type and temperature manipulation on the synthesis and
morphology of GAGG:Ce and other similar materials. This graduate research material then
progressed to the reduction of agglomeration phenomena during synthesis of nanomaterials
through the addition of diluents. Diluent chemistry refers to the use of solids, liquids, or other
separating material to reduce agglomeration in nanoparticles. This work aids in laying the
foundation for future nanophosphor and material research.
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CHAPTER 1.

INTRODUCTION

1

1.1 Nanomaterials
“Nanomaterials” is the term used to describe materials with unique attributes differing
from their bulk counterparts. This class of materials is described as having at least one dimension
in the nanometer range (typically < 100 nm in size).1-5 These nano-sized materials exhibit unique
properties that are size-dependent and therefore not observed in their bulk counterparts,
including very high surface areas which thereby lead to improved reactivity and solubility.6-7
Nanomaterials have been utilized across a broad range of scientific disciplines, including in the
medical, pharmaceutical, material, and biomedical fields.6,
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In general, research into

nanomaterials has grown extensively in recent years, largely due to the availability and
accessibility of new production and instrumentation methods for their synthesis, analysis, and
characterization.1, 6 Though these nanosized materials fall into a number of categories, their
usage for inorganic purposes (specifically metal oxides) is the core focus of this dissertation.

1.2 Common Preparation Methods of Inorganic Nanomaterials
The following section explores some of the more common synthesis techniques used to
produce inorganic nanomaterials. Simplified introductory descriptions for the production of the
common standard yttrium aluminum garnet material (Y3Al5O12, YAG) is included at the beginning
of each section for a real-world example of the described approach.
1.2.1 Chemical Coprecipitation
(1) Exemplary Synthesis
Appropriate amounts of Y(NO3)3 and Al(NO3)3 were dissolved in water and treated with a
solution of NH4HCO3, resulting in a gelatinous precipitate of mixed hydroxides and carbonates.
Separating, washing, and calcining the precipitate at 1000°C yielded crystalline agglomerates of
YAG particles with an approximate average size of 500 nm.9
(2) Further Description
Coprecipitation is considered one of the simplest methods for the synthesis of
nanoparticles.10 This method is an attractive option for multicomponent powder production, as
in YAG and similar materials, as it involves the thorough and homogeneous mixing of precursor
2

materials. Recent articles reflect the usage of ultrasonic waves during the synthesis process, the
utilization of which have been shown to fabricate powders with greater homogeneity in size and
higher surface areas.11-12
1.2.2 Batch Hydrothermal Synthesis
(1) Exemplary Synthesis
Appropriate amounts of Y(NO3)3 and Al(NO3)3 were dissolved in water, sealed in a
stainless-steel vessel, and introduced into an oven held at 100°C for 4 hr, after which the
temperature was increased to 240°C for another 20 hrs. The precipitated powders were filtered,
washed, dried, and calcined at 1000°C for 4 hr. The result was crystalline YAG particles with an
average particle size of 200 nm.13
(2) Further Description
Hydrothermal synthesis derives its name from a similar geological concept, which refers
to a natural process resulting from the combined action of heat and pressurized water. For the
purposes of nanoparticle production, hydrothermal synthesis is best described as the
precipitation of materials of interest, primarily those which are inorganic in nature, from aqueous
solutions at high temperatures (greater than boiling point) and high pressures (greater than
ambient). As such, these reactions are traditionally conducted in an autoclave-type reactor.14 This
synthesis approach is considered to be a simple process for the production of nanomaterials,
and, while it is known for being one of the more time-consuming methods, it has the benefit of
being considered environmentally benign and versatile.14
1.2.3 Continuous Hydrothermal Synthesis
(1) Exemplary Synthesis
Appropriate amounts of Y(NO3)3 and Al(NO3)3 were dissolved in water and introduced into
a flow type reactor. The reaction temperature was 400°C and the pressure was 30 MPa. At the
exit of the reactor, the reaction mixture was cooled and continuously recovered as a suspension.
Crystalline YAG nanoparticles with a particle size range of 50-100 nm were obtained.15-16
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(2) Further Description
To date, a majority of hydrothermal nanomaterial syntheses are produced through the
batch method previously described. However, the batch-wise approach has drawbacks,
including: (1) the method is inherently slow, (2) it is difficult to scale-up, and (3) it is difficult to
control the precise growth of materials, thus leading to inconsistent results.17 Other than one
being batch-wise and the other being continuous, the continuous hydrothermal method varies
from its batch counterpart because high reaction rates can be obtained while maintaining short
residence times. Additionally, characteristics such as particle size and shape have been described
as more controllable through manipulation of parameters including flow rate, temperature,
pressure, and reactant concentration.17
1.2.4 Sol-Gel Synthesis
(1) Exemplary Synthesis
Appropriate amounts of Y(NO3)3 and Al(NO3)3 were dissolved in water and partially
evaporated for several hours at 70-80°C. The resulting gel was slowly dried at 120°C and then
ground to obtain a fine powder, which was then calcined at 800°C for 12 hr. Crystalline YAG
nanoparticles with a particle size range of 20-50 nm were produced.18-19
(2) Further Description
Sol-gel processing techniques have been frequently used to produce nanomaterials,
including powdered nanophosphor materials.19-22 Among the potential synthesis techniques, solgel chemistry offers some advantages, including the ability to produce a solid powder material
from a homogeneously mixed precursor solution.21, 23 In this method, preparation of the desired
material (this case being nanomaterials) from a solution (sol) is conducted through
transformation from the homogeneously mixed liquid precursors to a network structure
(referred to as a gel).21
1.2.5 High-Energy Ball Milling (HEBM)
(1) Exemplary Synthesis
Appropriate amounts of Y2O3 and Al2O3 were ground for a total of 100 hr in a planetary
ball mill operating at 350 rpm. Milling was conducted using ZrO2 balls (diameter of 10-mm) and
4

vials. The powder was then calcined at 1400°C for 2 hrs. The result was crystalline agglomerates
of smaller YAG particles with an average size of 1000 nm.24
(2) Further Description
In the field of mechanical chemistry (mechanochemistry), high-energy ball milling (HEBM)
is a commonly used solid-state powder processing technique known for its characteristic grinding
of powders.25-27 This technique has shown applicability for the cost-effective and rapid
preparation of powdered materials of interest (such as alloys, ceramics, and nanocomposites).2829

Further, increased interest in this production method is largely due to its ability to induce

chemical and physical changes at room temperature without the need for use of additional
energy from heat, light, or electrical potential.30-31 Due to these advantages, a wide variety of ball
mills have been frequently employed as grinding devices for a number of applications. 32-36
In a planetary ball mill, grinding vials individually rotate about an axis while
simultaneously rotating about a central disk platform to which they are attached (frequently in
the counter direction to each other), in what is best described as a “planetary” fashion.37-38 The
high speed of the vials and the disk platform leads to large impact energies of utilized milling balls
within the system which may be parametrically manipulated in an effort to improve grinding
performance. Any material loaded in the mill caught between the balls and the wall and the balls
with each other has a significant amount of energy imparted during collisions, thereby inducing
deformations and reactions.31, 37 While this method allows for a significant amount of parameter
control, contamination is possible from the mill components. Further, current research utilizing
this method does not demonstrate a high level of morphological control.25, 31, 34, 39
1.2.6 Microwave Synthesis
(1) Exemplary Synthesis
Appropriate amounts of Al(NO3)3 and Y(NO3)3 were dissolved in water and treated with a
solution of NaOH to precipitate hydroxides. The sample was irradiated for 10 minutes under
ambient conditions in a 900 W microwave oven with a frequency of 2.45 GHz. The precipitate
was separated, washed, and calcined at 900°C, which yielded crystalline YAG with an average
particle size of 40 nm.40-41
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(2) Further Description
This novel approach for the preparation of nanomaterials is rapidly developing due to the
fact that, when compared to other conventional preparation methods, the microwave synthesis
approach entails significantly reduced reaction times and has been known to produce
nanoparticles with high purity and narrow particle size distribution.42-46 To be microwave active,
the species should generally have a pronounced dipole moment. This is due to microwave ovens
operating under “dielectric heating”,42-43, 47 wherein: (1) the dipoles of the precursor orient
themselves according to the direction of an applied electric field, (2) the electric field
continuously and rapidly changes, and (3) the movement of molecules constantly reorienting
themselves results in collisions (and thus heating) between molecules.42, 48-49
Although microwave synthesis is a very promising technique for rapid production of
nanomaterials, the major drawback observed results from the limited penetration depth of
microwaves into absorbing media, thereby limiting scale-up potential.50
1.2.7 Sonochemical Synthesis
(1) Exemplary Synthesis
Appropriate amounts of Al(NO3)3 and Y(NO3)3 were dissolved in water and an aqueous
ammonia solution was added to precipitate hydroxides. The suspension was sonicated with an
ultrasonic probe operating at 20 kHz and 60 W/cm2 immersed in the reaction solution for 1 hr.
The precipitate was separated, washed, and calcined at 900°C, yielding crystalline YAG
nanoparticles with an average particle size of approximately 22 nm.40
(2) Further Description
Sonochemistry has remained among the more underutilized but promising synthesis
techniques, wherein a significant amount of research and background material originates from
the Suslick group.51-54 When homogeneously mixed precursor liquids are exposed to ultrasound,
chemical reactions can occur through a process known as cavitation. Cavitation is described as
the formation, growth, and implosive collapse of bubbles in a liquid medium, and acoustic
cavitation is used to specifically describe cavitation phenomena created through irradiation of a
sample with ultrasound.52 Upon the collapse of these bubbles, a hot-spot is observed, producing
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intense local heating and high pressures.51-53 These extreme, transient conditions allow for the
formation of unique nanomaterials53,

55

and permit their benchtop synthesis at room

temperature that might otherwise require high pressures, high temperatures, or long reaction
times.53
1.2.8 Flame Spray Pyrolysis (FSP)
(1) Exemplary Synthesis
Appropriate amounts of Al(NO3)3 and Y(NO3)3 were dissolved in ethanol. This solution was
sprayed with an atomizing nozzle into a methane/oxygen flame operating at approximately
1500°C, and the produced powders were collected in electrostatic precipitators (ESP). The result
was crystalline YAG particles with an average particle size of 247 nm.56
(2) Further Description
The FSP approach has found significant utilization as an industrial powder production
method

largely

due

to

advantages

including

single-step

processing

and

high

production/processing rates.57-63 The chosen precursors have been found to strongly influence
the particle formation mechanism, and although nitrates may be successful for particle formation
in some cases, metalorganic precursors are typically ideal due to their ability to produce
nanoparticles with very fine sizes.56 FSP allows for the controllable production of powders at a
high rate. Due to the high temperature of the flame utilized, particles produced are generally
highly crystalline and free of impurities.62 The major disadvantage of FSP is the high amount of
waste produced, generally reaching about 30-40%, due to factors such as the inability of the
sprayed droplets to adhere to the collection surface, the sprayed droplets bouncing off the
collection surface, or the velocity of the droplets being too low and thus they cannot reach the
collection surface.64
1.2.9 Solution Combustion Synthesis (SCS)
(1) Exemplary Synthesis
Appropriate amounts of Y(NO3)3 and Al(NO3)3 were dissolved in water and thoroughly
mixed with urea/glycine in an evaporating dish. This dish was then placed in a preheated furnace
at 500°C. Within minutes, the mixture foamed and reacted in a vigorous fashion. The dish was
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subsequently removed from the furnace and allowed to cool to room temperature, after which
analysis confirmed YAG nanopowders with a particle size range of 30-60 nm.65
(2) Further Description
SCS is a convenient approach for nanomaterial synthesis, with advantageous properties
including simplicity, time consciousness, and minimized energy consumption. Interest in this
method has grown in the past several years, with one of the most thorough reviews on the
subject coming from Varma, et al.66 SCS is a process that frequently involves a precursor solution
comprised of an oxidizer (metal nitrates, etc.), fuel (urea, glycine, etc.), and a solvent (typically
water).66-67 This precursor solution can be heated a number of ways but, for the comparison
purposes to the processes described herein, involve the use of an evaporating dish placed in a
preheated oven (a few hundred degrees Celsius) is used. Generally, within a matter of minutes,
the solution reacts in a vigorous/violent fashion. After allowing to cool, the powders can be
collected and analyzed.66
1.2.10 Comparison of Powder Production Methods
As these production methods each offer a unique list of advantages and disadvantages,
careful selection of approach is required for optimization (Table 1.1). The user must consider
factors such as environmental impact, cost, scalability, and the quantity and consistency of
nanoparticles that will be produced.17
An ideal and commercially viable process for the production of nanomaterials should
possess as many characteristics, including: (1) the process must allow controllable and consistent
manufacture of homogeneous nanomaterials with a particle diameter of < 100 nm 1-2, (2) the
process should be energy and resource efficient, ideally involving minimal waste, (3) although
the process should be fast, it should also yield products with consistent quality, (4) if synthesis
parameters are manipulated, results should be flexible enough that minimal alteration to the
quality of products should be observed, and (5) any potential health or safety hazards of the
process are minimized.17 Unfortunately, many of the processes utilized in the literature do not
simultaneously meet these criteria, and thus novel routes and variations are pursued.
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Table 1.1 Basic comparison of estimated cost and morphology of produced products using the
aforementioned conventionally utilized nanomaterial production methods assuming basic
apparatus with no modifications to the synthesis.68
Estimated Cost Comparison*
Chemical

Estimated Morphological Control of
Produced MaterialsƗ

Low

Moderate69-70

Moderate

Good13

High

Moderate15

Sol-Gel Synthesis

Low

Poor19, 71

Ball Mill (Attrition)

Moderate

Poor24

Moderate

Good40

Low

Good40

High

Good56, 72-73

Low

Poor65

Coprecipitation
Batch
Hydrothermal
Synthesis
Continuous
Hydrothermal
Synthesis

Microwave
Synthesis
Sonochemical
Synthesis
Flame Spray
Pyrolysis (FSP)
Solution
Combustion
Synthesis (SCS)
*

Assigned based on estimated cost: high (>$10K), moderate (approx. $10K), or low (<$10K).

ƗBased on SEM micrograph images available in the literature for the final products produced. Emphasis was placed

on the overall morphology, with less focus on the agglomeration tendencies of nanoparticles.
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1.3 Nanophosphors
Scintillators are a class of materials that generate detectable light from absorption of
radiation, such as from X-rays and gamma (γ) rays.57, 74-80 Nanometer-sized crystalline powders
of inorganic scintillators fall into the category of nanophosphors, which are the nanomaterial
versions of their larger counterparts.81-82 These materials play an important role in radiation
detection fields such as, but certainly not limited to, γ detection for medical imaging (i.e. for
positron emission tomography (PET) scanners).57,

83-84

Although single crystal scintillators

produced from bulk crystal production methods have been and are still widely utilized and
researched75,

85-88,

recent work has illustrated the promising characteristics of powdered

nanophosphors and their usage in pressed ceramics for similar applications as their single crystal
counterparts.60, 89-91
1.3.1 Brief Introduction to Radiation Detection
In any field, properties which are considered advantageous are dependent on the desired
usage. For the detection of X-rays and γ-rays, inorganic scintillators are commonly used as a result
of their generally higher atomic numbers and higher densities, which are two properties that lead
to better detection efficiency.84 If we consider PET scanners specifically in which 511 keV γ-rays
are generated, the ideal inorganic scintillator should possess properties such as, but not
necessarily limited to: (1) high light yield , (2) high atomic number, (3) high density, (4) high
energy resolution, (5) good transparency, (6) short decay time with minimal afterglow
phenomena, (7) appropriate emission range for detection, (8) practical in typical environmental
conditions (can be used with minimal accommodations for storage; not radioactive or
hygroscopic), (9) ruggedness to withstand fabrication processes, (9) low cost, and (10) high
potential for large-scale production.57, 78-79, 84, 92-94 The common material referenced and widely
utilized for PET scanners at this time is the well-established cerium-doped lutetium
oxyorthosilicate (Lu2SiO5, or LSO:Ce)92 as it has been shown to possess one of the best
combination of advantageous properties, including a good light yield, fast decay time, and high
stopping power resulting from its high density and high effective atomic number.75, 84 Inherent
drawbacks of LSO:Ce are often cited as the high cost and intrinsic radioactivity of the lutetium
component.95-100
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1.3.2 Use of a Luminescent Center
In a perfect crystalline inorganic scintillator, in which the material is free of any and all
defects and impurities, the valence and conduction bands would be separated by a band gap of
a given size. As this perfect material has no defects or impurities, it can be assumed that there
would be no electronic energy levels in this gap. Although absorption of energy at this point can
result in an electron transition from its normal location in the valence band up to the conduction
band, the band gap of the perfect material is likely too wide to result in the emission of a photon
in an easily detectable range.78, 84
To circumvent this inefficient process and increase the likelihood of detectable photon
emission, small amounts of an impurity (sometimes referred to as either an activator or dopant)
are commonly added to inorganic scintillators.78, 101 This added activator gives rise to additional
energy level states that fall between the valence and conduction bands of the crystalline
scintillator. When an electron is excited, it moves from the valence band to the conduction band
through absorption of energy. This electron may then move to an activator site, at which point it
“decays” through the added activator energy levels.101 The de-excitation from this level results
in a more easily detectable photon, as illustrated in Figure 1.1.78 Generally, the amount of this
activator impurity is small because, at higher concentrations, the luminescence efficiency usually
decreases (quenching occurs).102
The added activator is often a rare-earth ion and, although several options for activator
ions have been explored, cerium III (Ce3+) offers a relatively simple energy level splitting pattern
and has been viewed as a suitable activator to obtain fast-decaying intense luminescence.78, 103105

Indeed, it has been and continues to be utilized as an activator dopant for many inorganic

scintillator single crystals, ceramics, and phosphor materials.75, 97, 106-113 Changes to the chemical
environment and composition of the host matrix around the cerium component can cause
differences in the energy level diagrams and resulting excitation and emission bands.20,

106

Scintillation light is generated upon transition from the 5d to 4f states.20, 78, 103, 114-118
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Figure 1.1 Generalized energy band structure of a pure crystalline scintillator material vs. one with an added
activator/dopant material. This activator material gives rise to additional energy level states within the band gap,
thus allowing for enhanced probability of photons in a more easily detectable range for current detection
methods available.78, 84, 119
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1.4 Research Conducted
1.4.1 General Description
Under the grant obtained for this research, a large majority of the research conducted
needed, “to attempt to produce and characterize a sizable variety of inorganic powdered photondetecting crystalline scintillators at room temperature. The aims are (1) to provide feedstock for
isostatic production of larger materials, and (2) to develop a simple, low-cost method for testing
compositional variations in known and new scintillators.” The choice for material in this research
was two-fold: (1) to explore replacements for the cerium-doped lutetium oxyorthosilicate
material (Lu2SiO5:Ce, or LSO:Ce) due to the aforementioned drawbacks, and (2) garnet materials
have shown advantageous properties75,

90, 96,

especially in the production of ceramics from

nanophosphor precursor powders, due to their observed minimization of light scattering
phenomena.120-121
(1) Garnet Materials
The structures of garnet materials have been thoroughly documented in the literature, in
which they are described to possess a cubic structure of the Ia3̅d space group with a basic formula
of A3B2C3O12 where A, B, and C represent dodecahedral, octahedral, and tetrahedral coordination
sites in the structure.98,

108, 119, 122-124

Occupancy in these differently-sized sites may vary

depending on the constituents involved, resulting in compounds with varying properties and
stabilities.98, 125 This, in turn, results in flexibility of composition, meaning that even when the
stoichiometry is not exact, transparency may be possible in the processed ceramic.60 As will be
discussed shortly, this is a significant advantage in the field of transparent ceramics.90, 98, 108, 122129

Cherepy, et al., at Lawrence Livermore National Laboratory (LLNL) has shown significant
research advances and improvements into the field of garnets and the production of ceramics
from precursor powders, specifically for γ detection purposes, through application of an
intersubstitutional ion approach (wherein multiple ions may substitute within the garnet sites).6061, 98

In their research, they note that yttrium aluminum garnet (YAG) was one of the first ceramic

materials that was found to demonstrate promising phase stability, but that stoichiometry must
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be carefully controlled.60, 98 Through compositional substitutions, the phase stability, stopping
power, and other properties have been manipulated.98 The gadolinium aluminum gallium garnet
(GAGG) material has been explored and has exhibited promising characteristics compared to
other inorganic scintillators. Recent research has indicated that another material, GYGAG, has
emerged as a promising replacement for current standards as well, largely due to its noted
substitutional and compositional flexibility and promising properties (including phase stability,
light yield, and energy resolution).98, 125, 130
The primary inorganic nanophosphor investigated in this research was cerium-doped
GAGG (Gd3Al2Ga3O12), but research was extended to include other cerium-doped garnets,
including the common reference YAG (Y3Al5O12131) and the novel GYGAG ((Gd,Y)3(Ga,Al)5O1260, 98)
materials.
(2) Reported Properties of the Nanophosphor Materials
This research focused on the production and comparison of four major nanophosphor
materials, important properties of which are presented in Table 1.2.
1.4.2 Ceramic Scintillator Materials
As eluded to previously, bulk scintillating crystals are generally produced through hightemperature melt processes, such as Czochralski, floating zone, and Bridgman growth
techniques.85 However, these melt processes are temperamental and prone to defects if not
carefully controlled, so alternative methods have been pursued. One such approach is to use
ceramic processing methods rather than the melt processes.60 Ceramic materials, which have
shown comparable properties to those observed in the bulk materials, are formed by sintering
and densifying a cast collection of powders. As these ceramics are fabricated via a solid-state
approach, they usually demonstrate notably less production difficulties compared to the melt
processes. Further, ceramic processing often offers a more affordable route for fabrication
compared to the bulk crystal techniques, as the temperatures employed are lower (since the melt
that is typically required for crystal growth is avoided), and sintering can be achieved much faster
than the weeks or months required for melt techniques.132
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Table 1.2 Reported properties of several materials explored in this research.
Property

LSO:Ce

YAG:Ce

GAGG:Ce

GYGAG:Ce

Basic Formula

Lu2SiO5

Y3Al5O12131

Gd3Al2Ga3O1298

(Gd,Y)3(Ga,Al)5O1260, 98

Crystal System
*P

Space Group

Garnet98, 108, 122-124
Ia3̅d98, 108, 122-124

133-136

Unit Cell Type
Phase Stability
Density (g/cm3)
Effective Atomic
Number (Zeff)
Light Yield (ph/MeV)
Mohs Hardnessꙋ
Reported Melting Point
(°C)
Reported Refractive
Index
Reported Scintillation
Decay Time, γ (ns)
Reported
Photoluminescent (PL)
Decay Time, UV
excitation (ns)
Hygroscopicity
Natural Activity
Reported Band Gap (eV)
Reported Energy
Resolution at 662keV
(%)
Reported Peak Ce
Emission Wavelength
(nm), approx.Ɨ
Reported Peak Ce
Excitation Wavelength
(nm), approx.Ɨ
Attenuation Length for
511keV γ (cm) ᴥ
Attenuation Length for
30keV X-ray (cm)ᴥ
*There

Monoclinic29
1 21/c 1 or C 1 2/c 129,

ᶳ1.82

Monoclinic137
7.429, 138

Good60
4.56139-140

Cubic
Moderate98
6.63141-143

Excellent98
5.8060, 144

6629

35140

54.4143, 145

4860

26,00075-76, 79
5.8147

8,000146
-

46,000-51,00075
8.0148

50,00098
-

2,15075, 149

1,940139

1,850150

1,850-1,950151

1.82 (at λ=550nm)146

1.903 (at λ=589nm)153

-

70154

8875, 141, 145

10060

-

~50-6096

-

No29
Yes141
6.3-6.575, 157

-

No29, 60, 141, 143
No141, 143, 156
6-6.275

-

8.4158

11.1-11.7%154

4.9-5.5%11, 75

3-5%98

420133, 141

550154

52875, 159

55098

356133

450160

44075, 161-162

448163

1.1379, 138

-

1.54164

-

0.0087164

-

0.0142164

-

(at λ=420nm)29, 152
4076, 79

**Ce :
1

~30; Ce2: ~50155

are two space groups for the LSO:Ce material, depending on if high temperature synthesis (P 1 21/c 1) or low temperature synthesis (C 1 2/c 1) occurred.165-

167
ꙋObtained
Ɨ Two

from commercially available suppliers.

activator centers have been identified for LSO:Ce. 168 This article focuses on attributes of the Ce 1 site.

ᴥAttenuation

length calculations for the GAGG:Ce and LSO:Ce materials were conducted using information available from the National Institute of

Standards and Technology (NIST) XCOM Database. The attenuation length (absorption length) is the distance a photo n (λ- or X-ray) travels into the
material, after which the probability has dropped to 1/e (~37%) that a particle has not been absorbed. The calculation can th en be executed using the
 )
⁄ 𝑥

𝐼(𝐸) = 𝐼𝑜 (𝐸)𝑒 −(

relationship, where 𝐼𝑜 (𝐸) is the initial intensity,  is the linear attenuation coefficient, / is the mass attenuation coefficient

(the total attenuation with coherent scattering from the NIST database),  is the density of GAGG:Ce or LSO:Ce, and x is the attenuation length value. 78,
164
ᶳApproximate

due to being an optically anisotropic monoclinic structure.169
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Ceramic materials are typically produced from the pressing of powders, usually on the
nano-sized scale, giving rise for the increased interest in nanophosphor powders and their
production methods. Powdered nanophosphors are excellent precursors for use in transparent
ceramics by way of hot isostatic pressing (HIP) the material.60 HIP refers to the simultaneous
application of heat and pressure to a body which results in the body (generally formed from
powders) becoming consolidated.170 These cast ceramics have been developed as an alternative
to the bulk single crystal scintillator materials.77
One of the factors which must be considered in the optimization of ceramics via this
method is the minimization of light scattering phenomena, a few more prevalent of which are
given in Table 1.3.120 Any light scattering centers will result in reduction of transparency.60, 78, 125,
132, 171-174 Cubic

garnet materials have shown excellent promise in ceramic material production as

they are able to address issues that often arise when trying to achieve transparency.60, 171, 175-176
Further clarity issues may arise depending on the powder production method utilized.
Although there has been some debate in the literature on exact definitions, there appear to be a
few major microstructures that determine the characteristics of pressed ceramics. These
microstructures include primary crystallites and agglomerates (either “soft” or “hard”).177-182 The
term crystallites is frequently utilized in X-ray diffraction (XRD) analysis, as they are typically
viewed as “discrete diffraction domains” that can coherently scatter X-rays.183 They can be
thought of as coherent diffraction domains with some degree of long-range order so as to not be
considered amorphous, thus allowing for crystallite size calculation via this method.183-185
Meanwhile, recent discussion of agglomerates in the literature have made an effort to distinguish
and differentiate them from aggregates. While aggregates are considered synonymous with
particles held together by “necking” regions, they will be referred to as hard agglomerates herein
(as they cannot be separated by ordinary means) and are frequently induced by the application
of higher temperatures. Soft agglomerates, on the other hand, may be considered as groupings
of crystallites into larger particles which can be easily broken down by comminution methods
such as grinding and sonication. As will be discussed at length herein, primary crystallites may be
present, but frequently agglomerate into larger assemblies due to their relatively high surface
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Table 1.3 Some potential light scattering sources and potential mitigation approaches for their reduction. Light scattering sources
can contribute to diminished transparency in pressed ceramics.60, 171, 174-175, 186-187

Grain Boundaries

Cause

Description
As light crosses boundaries in crystalline structures with grains and grain boundaries exhibiting
different properties due to factors such as variable composition, light may be scattered.171 To
minimize this, cubic species are frequently utilized as they have isotropic refractive indices and
thus the crystal orientation effect is minimized.

Presence of Pores

The presence of residual pores has been found to make ceramics opaque due to their ability to
intensely reflect and refract light.171 By optimizing processing conditions, the presence and size
of pores can be reduced, thereby reducing this source of optical scatter. A successful densification
and pressing process for ceramic production should attempt to address this source of scatter. 132,
171-172

The pressing and sintering process will generally minimize this scattering source but may

not completely diminish it depending on packing order of powders.

Secondary Phases

Secondary phases can be thought of as phases not desired in the final product (i.e. if YAP phases
are present in a YAG material). When using a pressing technique for ceramic production, this light
scattering source may be mitigated through the use of high purity precursor powder. Secondary
phases can be observed in garnets125, 173, but may be mitigated through use of species with
intersubstitutional ions. Through the usage of these species, such as those employed by certain
cubic garnets already discussed, superior phase stability can be achieved.
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reactivity (resulting in the soft agglomerates) or, with application of heat sometimes necessary
or achieved during synthesis, necking regions (resulting in the hard agglomerates).181, 188 The term
particle appears to have a flexible definition as well, but generally may be applied to any
combination of the above.183, 189
In ceramics, sintering is used to densify powders into a transparent body.190 Typically,
scientists working to produce pressed transparent ceramics will want to achieve particle sizes
less than a micron as this size has been shown to allow for the timely achievement of high density
during the sintering step.171, 180-181 While a powder with a large particle size distribution has been
reported to potentially have a higher packing density in the cast ceramic, it will generally lead to
low microstructural control. In these scenarios, the large grains coarsen rapidly compared to the
smaller grains, meaning that achieving a highly dense ceramic with consistent grain size
extremely difficult.180, 190 Conversely, when powders possess a narrower size distribution are
utilized, the resulting ceramic microstructure is significantly enhanced.180 The presence of hard
agglomerates in a powder can lead to inconsistent packing in the formation of a pressed ceramic,
thereby leading to differential sintering (i.e. when different regions within the cast ceramic shrink
inconsistently, thus leading to large pore sizes).179-180 It is important for research in this field to
focus on the decrease of particle size, minimization of size distribution, and reduction of
agglomeration in order to produce optimally transparent pressed ceramic materials.132, 171
As previously indicated, in nanopowders utilized for the production of ceramics, the
existence of pores is a significant challenge that usually leads to a reduction in transparency. As
one might imagine, hard agglomerates generally lead to a higher presence of these pores as the
necking regions will not compress as easily as soft agglomerates. Therefore, it will be of interest
to discuss this property of the powders obtained from the chosen production methods and how
the obtained powder materials may affect clarity of resulting ceramics.191

1.5 Discussion and Objectives
The research conducted in this dissertation focused on the production and size-reduction
of nanomaterials, specifically nanophosphors, for use in the subsequent detection of scintillating
photons and/or as feedstock for ceramic production. The research can be condensed into three
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major groups: (1) exploration and manipulation of planetary ball mill synthesis parameters for
the production of phosphor materials, (2) exploration and manipulation of solution combustion
synthesis parameters for the production of phosphor materials, (3) usage of diluent additives in
both the mechanochemical and solution combustion synthesis approaches for size reduction and
control of nanomaterials.
Following initial synthesis in a planetary ball mill of the GAGG:Ce material using the
parameters of 4g starting material in a Si3N4 system with 7 x 10mm grinding balls at 850 RPM,
optimization studies were conducted through manipulation of the revolutions per minute (RPM),
density of grinding material used (Si3N4, ZrO2, WC), ball diameter, number of balls, and mass of
starting material powder. This optimization study also included work on the aforementioned
cerium-doped inorganic material lutetium oxyorthosilicate (Lu2SiO5:Ce, or LSO:Ce).
Another method explored for synthesis of the GAGG:Ce material was solution combustion
synthesis due to its rapid, convenient approach. Fuel type, ratio of metal:fuel, and furnace
temperatures and times were manipulated in an effort to explore and potentially improve the
production of GAGG:Ce.
Size control studies were conducted using diluent additives in both the planetary ball mill
and solution combustion synthesis systems. The diluent additives in the planetary ball mill were
used in both the synthesis and size reduction of nanomaterials. During the latter study using the
so-called “salt-assisted solution combustion synthesis” (SSCS) approach, yttrium aluminum
garnet and gadolinium yttrium gallium aluminum garnet (YAG and GYGAG, respectively), were
explored.
The primary projects and their objectives are identified as follows:
(1) Project I: Parametric Study on the Production of Multicomponent Oxide Phosphors Through
Use of a Planetary Ball Mill
− Explore the high-energy ball mill production of three multicomponent oxide materials
(GAGG:Ce, LSO:Ce, and GYGAG:Ce)
− Investigate the use of a pre-established model in the production of GAGG:Ce and LSO:Ce
from a theoretical and experimental standpoint, exploring:
o Variations in mill components
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o Variations in milling speeds
o Variations in sample material
(2) Project II: Solution Combustion Synthesis of the GAGG:Ce Multicomponent Oxide Material
− Explore the production of GAGG:Ce using solution combustion synthesis
− Investigate the changes observed with different fuels and combustion temperatures
(3) Project III: Diluent Studies and Attempted Size-Control of the YAG:Ce material
− Use the diluent-assisted ball mill and combustion synthesis approaches for the production
of a standard reference material, YAG:Ce, utilizing various diluent additives (solid, liquid)
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CHAPTER 2.

TECHNIQUES
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2.1 Synthesis Techniques
2.1.1 High-Energy Ball Milling (HEBM)
(1) Background
The field of mechanochemistry is concerned with the application of mechanical energy to
bring about chemical reactions by percussion, shear, impact, shock, grinding, milling, friction, or
compression.31, 39, 192-194 Although early mechanochemistry was conducted with tools such as a
mortar and pestle, the field has shown significant growth with the advent of more advanced
processing tools, such as the planetary ball mill.26, 31, 192, 195
(2) Fritsch Pulverisette 7 Premium Line Planetary Ball Mill
The mechanochemical syntheses presented herein were conducted using a Fritsch
Pulverisette 7 Premium Line planetary ball mill, shown in Figure 2.1. The grinding vials and balls
are available in a variety of materials but, for the investigations discussed herein, three specific
systems were utilized: Si3N4, ZrO2, and WC. The material chosen for the milling system is an
important parameter to consider as it can be indicative of the ability to withstand aggressive
milling conditions to avoid potential degradation.26 The grinding vials utilized in these
experiments were 45 mL in size. In order to distinguish and optimize proper operational
conditions, considerable experimentation is necessary and was indeed devoted in the conduct of
this dissertation material.36
A planetary ball mill such as this is aptly named due to the movement of the vials and
platform in a planetary fashion as already described in the introductory chapter. Generally
speaking and as illustrated in Figure 2.2, as the vials and supporting disk move counter to each
other, the milling balls move throughout the vial, depart their attachment to the wall, and come
crashing back into the side. Any material caught between the balls and the vial or between the
balls and each other will have a significant amount of energy imparted, typically inducing a
reaction.26, 31, 34, 37, 196-197
(3) Parameters to Monitor
There are many parameters which have been shown to impact the final phase and
microstructure of the ground material produced. Some important parameters explored in this
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Figure 2.1 Images of the Fritsch Pulverisette 7 premium line planetary ball mill
utilized. (Top Left) Image depicting the vials with a predetermined number of
balls and sample being loaded into the instrument. (Bottom Left) Image showing
the contents of a prepped sample after milling, in this case loaded in a ZrO2 with
7 x 10mm ZrO2 balls. (Right) Full image of the apparatus with two prepped ZrO2
45mL vials loaded and two prepped WC (45 mL capacity) vials nearby.
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Figure 2.2 Illustration of the movements observed in an exemplary planetary ball mill
setup (i.e. the Fritsch Pulverisette 7 premium line mill utilized herein). (Top) Side view of
the components of the mill. (Bottom) Anticipated ball motion inside the milling
apparatus, wherein the green represents the sample introduced to the mill for
processing.26, 31, 34, 37-38, 198-200
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and similar works include: (1) mill type (high/low energy), (2) milling system material (Si3N4, ZrO2,
WC), (3) grinding ball size, (4) milling atmosphere, (5) milling environment (dry, diluent-assisted),
(6) milling speed, (7) grinding ball-to-powder weight ratio, and (8) milling duration.26, 31, 38
(4) Accompanying Phenomena in Mechanochemical Methods
As with many other instruments associated with mechanochemical processing, there are
several accompanying phenomena which may be observed during the milling process when
utilizing a planetary ball mill. Temperature is one component which has been described as having
a significant effect. Depending on the parameters explored, the temperatures within the vial can
reach very elevated levels. Additionally, at higher speeds, the balls may stay pinned to the wall
of the vials for a longer duration of time, thereby decreasing the efficiency of the milling
process.31, 34, 201
Another issue that has been found to occur within milling systems is contamination from
vial and ball components which may be largely attributed to excessive mill wear. Over time and
with frequent utilization of a system, the vials and balls may exhibit wear characteristics including
deformation or other imperfections. Sometimes, and as seen herein, with enough degradation,
peaks indicative of the vial/ball material utilized may then be detected in the collected powder
X-ray diffraction (PXRD) patterns. Further, as the overall milling process is gradual, contamination
from starting materials or intermediates have sometimes been observed in other studies.25, 31, 33,
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As the mechanochemical reactions rely on mechanical forces, phenomena including

deformation, amorphization, and agglomeration have been described.25, 31, 33, 194-195, 197
These accompanying phenomena will be discussed in greater detail in Chapter 3.
2.1.2 Solution Combustion Synthesis (SCS)
(1) Background
The SCS process has shown promise as an effective method for the rapid synthesis of
powders from a liquid precursor solution.21, 66, 203 A variety of powdered materials have be
produced via this technique, including but certainly not limited to complex multielement oxides
such as various garnet species.66, 204-205 Varma, et al., have provided a thorough review for this
technique in which he discusses several areas of current research being conducted and future
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outlooks.66 Many parameters and mechanisms are still not well understood, and although
possibilities have been proposed, continued research into the field is ongoing.66, 206-208
One item that has been noted is that the fuels serve as a source for the formation of
gaseous entities during the course of the reaction and, in many cases, form complexes with metal
ions, thus facilitating homogenous mixing of cations in precursor solutions.66, 205, 208 As will be
discussed in later chapters, it is generally viewed that the “ideal” fuel should have high solubility
in the chosen solvent (i.e. water), promote gasification (with minimal hazards), yield no other
residual residues or mass (i.e. minimal side products), lead to a high-temperature reaction with
no dangerous explosions or undesirable side-reactions, and be readily available and/or easy to
prepare.66 Literature studies have shown that varying the fuel type and ratio leads to variations
in products.65, 209-211
In the furnace-assisted SCS approach, a precursor solution generally comprised of a
combination of a fuel and aqueous nitrate precursors is employed which is then placed in a
preheated furnace, thus initiating the SCS reaction.66 After heating for what typically consists of
a matter of minutes, the reaction generally reaches completion and, as explored in the reactions
herein, leads to the formation of the desired powdered oxide products. After sintering these
products, various analyses were conducted. Components used for solution preparation for this
and similar research are shown in Table 2.1. More thorough discussion of this approach is
presented in Chapters 4 and 5.
(2) Compact Muffle Furnace (MTI Model KSL-1100X-S-UL-LD)
Although there are other methods for heating the initial solution66, the method employed
herein involved placing an evaporating dish (generally 100 mL in size)

loaded with the

homogeneously mixed precursor solution inside a preheated furnace. More specifically, a KSL1100X-S-UL-LD compact muffle furnace (4 x 4 x 4", 1.0 L) with programmable controller was
utilized. The maximum temperature that could be obtained using this instrument was 1200°C for
short durations of time, but temperatures much less than that were frequently utilized. A final
sintering step (described in the next section) was generally utilized for more
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Table 2.1 Description of some solution combustion synthesis components either commonly
used or utilized for the research conducted herein. More detailed investigations can be found
in Chapters 4 and 5.66, 208, 212
Oxidizer

Solvent

Potential Fuel

Chemical Structure of the Fuel

Urea (CH4N2O)

Glycine (C2H5NO2)

Citric Acid (C6H8O7)

Water

Metal Nitrates

Sucrose (C12H22O11)

Hydroxylamine (NH2OH)

Hexamethylenetetramine, or
Hexamine (C6H12N4)

Cyanuric Acid (C3H3N3O3)

Oxalic Acid (C2H2O4)
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Figure 2.3 (Left) KSL-1100X-S-UL-LD compact muffle furnace (4 x 4 x 4", 1.0 L) with
programmable controller employed for the purposes of this research. (Right) Produced
powders vary greatly as parameters are manipulated (fuel type, additive, furnace time, etc.).
Samples with two different fuel types and varying amounts of salt additive are shown. These
samples were prepared for the research presented in Chapter 5.
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crystalline powders and to remove excess residual components (precursor, carbonaceous
residue) remaining after reaction. The furnace and some samples post synthesis via this approach
(prior to sintering) are given in Figure 2.3.
2.1.3 Microwave Sintering
(1) Conventional vs. Microwave Sintering
After initial synthesis through methods such as HEBM or SCS, sintering may be necessary,
wherein the produced powder particles are bonded (sintered) together to remove porosity and
encourage crystallinity.213-214 In the case of many production methods (HEBM and SCS included),
high-temperature sintering of the as-produced samples was often found to improve crystallinity
and increase luminescence.102, 213 For this purpose, microwave sintering was the primary method
utilized, as this approach efficiently and rapidly sinters the samples and provides additional
advantages including reduced energy consumption and rapid heating rates.215
Microwave sintering of materials is rather different from the conventional sintering
processes.171 Conventional sintering utilizing a preheated furnace is a considerably slower
process and takes a prolonged period of time to achieve thermal equilibrium, as it relies on heat
being transferred to the sample.215 Microwave heating and sintering processes, on the other
hand, operate via internal heating of the sample itself which is then transformed into heat within
the sample.214-215 In short, microwave heating involves the molecular movements to generate
heat. The observed processing time required for microwave sintering is greatly reduced
compared to the conventional sintering approach as the induced movement generates heat
throughout the material.42, 214-216
Through additional utilization of a microwave kiln coated with a graphite-based lining, the
energy efficiency of microwave heating may be enhanced.
(2) Microwave Oven
Sintering was conducted originally utilizing LG Model LCRT2010ST microwave oven with
a typical oven cavity capacity of approximately 2.0 cubic feet. Specifications as obtained from the
manufacturer include a frequency of 2.45 GHz, microwave output of 1200 W, and a rated current
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of 14.0 A. After a duration of time, a Panasonic (Model NN-SN661S) microwave oven was
necessary. This variant had a capacity of 1.2 cubic feet and cooking power of 1200 W.
A FuseWorks microwaveable kiln with ceramic walls and composite lining was used as a
vessel for efficient sintering of the powders. Although the manufacturer does not appear to list
the exact composition of the composite lining, it can be reasonably assumed based on distinct
coloration, relative affordability, and noted energy efficiency that it is likely some variant of a
graphite/silicon carbide material.217 Furthermore, graphite is a strong microwave absorbing
material which can withstand the high temperatures achieved within the kiln and provides
excellent heating rates. However, gradual degradation of this component can be observed if
heated excessively without rest or for longer durations of microwave time (>10 min
repetitively).217
The components utilized in this research for microwave sintering purposes are given in
Figures 2.4 and 2.5.

2.2 Characterization Techniques
2.2.1 Powder X-ray Diffraction (PXRD) Analysis
When attractive forces in a material become so strong that the particles cannot easily
move away from each other, it can be classified as a solid. Although particles comprising a solid
can be randomly distributed, it is more likely that these particles will exist in an ordered and
repetitive pattern (as it corresponds to a lower energy states when compared to a random
distribution of strongly interacting atoms or molecules). Solids classified as crystalline are known
for this appearance of long range order observed in the material.218 However, it is important to
note that not all solids will be ordered and crystalline. In fact, materials lacking this order but
possessing both shape and volume are classified as another type of material: amorphous solids.
218

Crystalline solids possessing this long range, periodic repetition of atoms and molecules,
can most easily be described as having a lattice structure. Unlike an amorphous solid, the lattice
of a crystalline solid is comprised of repeating units. These units can be visualized as six-sided
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Figure 2.4 LG Model LCRT2010ST and Panasonic NN-SN661S standard microwaves. Samples were sintered by using a
microwavable kiln in the microwave cavity, similar to the one pictured in Figure 2.5.
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Figure 2.5 Samples were typically sintered using a microwavable kiln, similar to the one pictured
here manufactured by FuseWorks. The inner lining of the ceramic kiln is a composite coating,
likely consisting of a graphite-based mixture.
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boxes whose opposite faces are parallel with parameters including the edge lengths (a, b, and c)
and the angles between the sides (, β, and γ).184, 218-220
In what is referred to as an X-ray diffraction pattern, the positions of discrete peaks may
be attributed to the reflection of X-rays from the equally spaced parallel planes of a crystalline
solid.219 Figure 2.6 shows a simplified illustration of Braggs’ law, which was developed in an
attempt to mathematically explain these discrete peaks in an obtained diffraction pattern and
shows that diffraction occurs when all lattice points of the crystalline solid are on the parallel
planes throughout the lattice.218 The coherent scattering and constructive interference from
these incoming X-rays scattered from parallel lattice planes leads to the formation of sharp
peaks.218
Application of a current within the instrument generates electrons which hit the source
of choice (for many instruments, a Cu Kα source is used), generating X-ray beams. The X-rays are
directed onto the powder being investigated and interact in a fashion best described by Bragg’s
law218, 221:

𝑬𝒒. 𝟐. 𝟏

𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃

where λ corresponds to the wavelength of the radiation used, d is the interplanar spacing, θ is
the angle between the incident (or diffracted) ray and the relevant crystal planes, and the n value
is referred to as the order of diffraction (often given a value of 1).218, 221-222
Drawing from the introductory information in Chapter 1, the crystallite size of the final
materials produced in a given experiment can be calculated using the Scherrer equation:
𝑬𝒒. 𝟐. 𝟐

𝐷=

𝑘𝜆
𝑏 𝑐𝑜𝑠

where D is a term representing the crystallite size (nm),  is the diffraction angle (radians), b is
the full-width at half-max (FWHM) of the peak of interest on a 2 PXRD plot (radians), k is a
constant (0.94 for cubic garnet species), and λ is the wavelength of the X-rays applied (approx.
1.54 Å = 0.154 nm for Cu Kα). For nanoparticles with sizes less than 100 nm, the value for b may
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Figure 2.6 Illustration depicting Bragg’s law and its relationship to resulting patterns obtained via
X-ray diffraction. The atoms of a given crystalline solid are generally shown forming different sets of
planes in the crystal (the royal blue lines). The peaks observed in a diffraction pattern are representative of
a given set of lattice planes (with a distinct set of hkl values) and a given interplanar distance (d) follow
Bragg’s law.218-219
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be taken directly from the diffraction patterns generated with no need for correction of
instrumental influences.223 Calculations were generally conducted using a prominent nonoverlapping peak characteristic of the material phase.
Although both the Olympus Inxitu BTX XRD/XRF Compact Benchtop 90012-CU cabinet Xray unit apparatus and the PANalytical Empyrean Cabinet X-ray unit were utilized for
characterization purposes, primary analyses were conducted using the latter instrument
(including database and Scherrer investigations using the X’Pert Highscore Plus program). Both
instruments employed utilized a Cu Kα X-ray source.
2.2.2 Photoluminescence (PL) Excitation and Emission Analysis
Fluorimeter analysis via photoluminescence (PL) excitation and emission spectra were
conducted. PL excitation and emission spectra are generated following the light emission from
materials following the absorption of external energy.119 As the materials explored for this work
were doped with small amounts of a cerium activator, the PL excitation (absorption) bands were
generated through this energy absorption which stimulated electrons from this component’s 4f
ground state to the 5d excited state. The photoexcited electrons then de-excite and emit
photons, thus generating the emission bands. The energy for absorption is generally greater than
that for emission, so the resulting fluorescence emission spectrum is typically shifted to shorter
wavelengths (higher numerical value on the spectrum).119, 224
The excitation and emission characteristics of the produced powders were analyzed at
room temperature using either a Perkin-Elmer LS 55 Luminescence Spectrometer or Varian Cary
Eclipse Fluorescence spectrophotometer, typically in the range of 350-650nm, but varying
depending on the sample being analyzed.
2.2.3 Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM)
Electron microscopes are typically utilized for the morphological and size analysis of
samples of interest. The instruments utilize electromagnetic lenses and focus an electron beam
at the sample, thus providing magnified images of samples.225 The scanning electron microscope
(SEM) and the transmission electron microscope (TEM) are the two primary instruments of
interest for powder morphology analyses. The SEM instrumental apparatus scans over the
sample’s surface and generates a three-dimensional image, while TEM passes the electron beam
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through a thin sample to produce a two-dimensional image.225-226 SEM images are often
considered low-resolution as they do not require an electron-transparent sample, but can be
utilized for a number of sample types. Conversely, TEM analysis provides high resolution images,
but it can be difficult to prepare a thin, electron-transparent sample from bulk material.225, 227
SEM was widely utilized in this dissertation as a means to understand morphological
characteristics of the obtained powders.
The powders were analyzed through the use of a Zeiss Auriga Dual Beam FIB/SEM
instrument for scanning electron microscopy (SEM) studies and a Zeiss Libra 200 MC instrument
for transmission electron microscopy (TEM) available at the Joint Institute for Advanced
Materials (JIAM) under the guidance and aid from Dr. Dunlap. Additional TEM studies were also
run with the aid of Washington University’s Nano Research Facility (NRF) in St. Louis, Missouri.
2.2.4 Dynamic Light Scattering (DLS)
Additional particle size measurements were conducted through the use of dynamic light
scattering techniques. These instruments work under the concept of Brownian motion as it
relates to particle sizes; the larger the particle, the slower the Brownian motion, such that smaller
particles are viewed as moving more rapidly and are therefore transported further. 228 The
Brownian motion of particles in suspension will cause incoming light to be scattered at varying
intensities. When these intensity fluctuations are analyzed the velocity of the suspended particles
may be obtained, which can be used to find the particle size.228-229 While some preliminary
measurements were conducted by our group, a majority of the DLS studies were run with the aid
of Washington University’s Nano Research Facility (NRF) in St. Louis, Missouri.
2.2.5 Photoluminescent (PL) Decay Time
A faster decay time for a material permits better timing performance and allows for a
higher count rate of incoming interactions occurring within a desired time window.78 Even if
cerium is the chosen activator component for multiple scintillation materials, the exact decay
time measured is dependent on the host material. Decay times for various materials are typically
obtained using two main methods: (1) γ-excited scintillation decay time and (2) UV-excited PL
decay time.96-97, 119 For a material such as GAGG:Ce presented herein, the scintillation decay time
is a function of the cerium activator concentration; GAGG:Ce with higher cerium concentration
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has a longer scintillation decay time with variation anywhere from 50 ns-100 ns.75, 96, 119 However,
as the powder attenuation length is not sufficient for scintillation decay time measurements, UVexcited PL decay times were explored herein and compared to literature values for a similar
GAGG:Ce PL decay time measurement.96 Measurements were conducted with the aid of the
Melcher Group’s HORIBA Jobin Yvon Fluorolog-3 Spectrofluorometer instrument using a timecorrelated single photon counting module. Nano pulsed light-emitting diodes (LEDs) were used
as the excitation source.
2.2.6 Fourier Transform Infrared (FTIR) Spectroscopy
Infrared (IR) spectroscopy is a technique in which the absorption bands of a resulting
spectrum are a result of energy changes arising from molecular vibrations of the bond stretching
and bending of dipoles.230-231 When radiation of this type is utilized to analyze a sample, a fraction
of incident radiation will be absorbed and may be used to generate a spectrum with characteristic
peaks. The energies at which these peaks appear correspond to the frequency of a vibration of a
section of the species being analyzed. On the generated spectrum, the signature vibrations of
species will occur at specific wavenumbers (cm-1).231 The movement to instruments employing
Fourier Transform technology has led to increased speed and sensitivity for analyses. 230
FTIR investigations were conducted with the use of a ThermoFisher Scientific Nicolet iS5
FTIR Spectrometer.
2.2.7 Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES)
One of the most prominent tools used for trace element determination is inductively
coupled plasma optical emission spectrometry (ICP-OES). Samples chosen for analysis must be
liquid. This means that solid species may be utilized but must first undergo further processing
(i.e. acid digestion) so that the samples analyzed are present in the form of a solution. Any
residual solid may cause the injection lines to clog.232 Once the samples are prepared, they may
be directly injected into the instrument for analysis. Prior to exposure to the plasma flame, the
prepared samples are aerosolized. The plasma can sustain a core temperature of roughly 10,000
K, meaning that the aerosol sample is rapidly vaporized, resulting in the liberation of analyte
elements as free gaseous elements.232-233 Elevation to excited states is promoted within the
plasma, but, upon photon emission, the analyzed species may then return to the ground state.
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These emitted photons have signature wavelength energies that are characteristic of the
quantized energy level structure unique to the elements from which they originated and thus
may be utilized for identification purposes. The number of photons observed may then be utilized
to determine the concentration of the originating element in the analyzed material.232
ICP-OES can provide simultaneous determinations for a wide variety of elements. Further,
this technique is known for its high stability and excellent detection limits, in the ppm and ppb
range.232 Washing studies from Chapter 5 were conducted using an Agilent 5110 ICP-OES
instrument with autosampler for multiple sample analyses to verify or eliminate the presence of
species of interest.
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CHAPTER 3.

PARAMETRIC STUDY ON THE PRODUCTION OF MULTICOMPONENT
OXIDE PHOSPHORS THROUGH USE OF A PLANETARY BALL MILL
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Most of the research material presented in this chapter has appeared in two separate
accepted journal articles: (1) Synthesis of GAGG:Ce3+ Powder for Ceramics using
Mechanochemical and Solution Combustion Methods by McDonald, K.A. and Schweitzer, G.K.
published in the Journal of the American Ceramic Society (2018, 101, 3837-3849,
doi:10.1111/jace.15563) and (2) Parametric Study on the Production of the GAGG:Ce and LSO:Ce
Multicomponent Oxide Scintillator Materials through use of a Planetary Ball Mill by McDonald,
K.A., McDonald, M.R., Bailey, M.N., and Schweitzer, G.K. published in Dalton Transactions (2018
47, 13190-13203, doi:10.1039/c8dt00637g).68, 234 Although a majority of the work has remained
unaltered, where applicable, some rearrangements and more detailed information than was
presented in the articles themselves were provided for clarity as well as a more in-depth
discussion of background material and results. Certain introductory materials given in the articles
themselves, such as the general introduction to mechanochemistry, have appeared in Chapters
1 and 2 of this dissertation and have therefore been omitted from this chapter to avoid
repetition. The overarching goals of this work include: (1) production of the GAGG:Ce material
via a planetary ball mill approach and (2) parametric exploration of a model representing the
phenomena occurring within the mill for the production of two multicomponent oxides.
As primary author of both aforementioned articles, my contributions included: (1)
research and assembly of the articles themselves, (2) theoretical calculations for the Dalton
Transactions article, (3) collection of GAGG:Ce samples from the planetary ball mill, (4) PXRD, PL
excitation and emission, decay time measurements, and SEM analyses of the GAGG:Ce samples,
(5) interpretation and analysis of collected data, (6) comparison of theoretical and experimental
results, (7) discussion of results, and (8) concluding remarks. In the Dalton Transactions article,
coauthor Matthew McDonald (1) aided in the simplification of the model equation from available
literature references cited herein, (2) provided collaborative discussion on the manipulation of
the equations used, and (3) contributed to the verification of theoretical calculations. Coauthor
Melissa Bailey (1) provided verification of introductory information collected on LSO:Ce, (2)
collected the LSO:Ce samples from the planetary ball mill, and (3) collected PXRD and PL
excitation and emission analysis of the LSO:Ce samples. In addition to advising this work, Dr.
George K. Schweitzer provided support and discussion on the written material and worked with
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Mr. McDonald in the preliminary assembly and simplification of the model equation. Information
regarding the LSO:Ce samples collected by Mrs. Bailey have been included as they were
important for comparison purposes of the model in the Dalton Transactions article and therefore
it is believed that this characterization data applies to the work presented herein.

3.1 Introduction
3.1.1 Factors that Influence the Milling Process
As interest in the mechanochemical milling of materials has grown, interest in
understanding these factors has followed suit. When considering mechanochemistry as a
potential research avenue, it is important to contemplate the general factors which may affect
mechanochemical production and size reduction of materials.31 The overarching goal of the
following sections is to address several of these key factors. It is important to note that, while
listed independently, these factors may be best considered as interconnected, and the
manipulation of one will likely affect the outcome of the milled materials.
(1) Choice of Mechanochemical Mill
Mechanochemical milling systems encompass a broad range of classes, including
vibratory mills, attritor mills, bead mills, tumbler ball mills, planetary ball mills, etc., which can
subsequently be divided into the broad categories of either high-energy or low-energy mills.
Among them, planetary ball mills have been frequently utilized in the processing of small
amounts of material, thereby making them advantageous for small-scale research
laboratories.193, 235 Further, planetary ball mills have been known to offer the production of very
fine powders, which is advantageous for nanomaterial research.193,
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More introductory

information regarding planetary ball mills can be found in Chapters 1 and 2. The planetary ball
mill utilized in this research is a Fritsch Pulverisette 7 Premium Line model.
(2) Milling Media and Containers
The inner lining of a planetary ball mill vial is comprised of one of several available
composite materials. The composite material chosen in a study is important due the several
parameters which, as mentioned previously, may be affected by this manipulation. Additionally,
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Figure 3.1 Two vials for a planetary ball mill employing two different systems, silicon nitride (Si3N4) and zirconia (ZrO2).
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over time and with continued usage, the composite material may degrade and dislodge small
amounts, thus contributing to the contamination observed. In an effort to minimize observed
contamination and degradation phenomena, a chosen system will generally employ vial linings
and balls of the same composite material, as seen in Figure 3.1. Logically, this makes sense; as
planetary ball mills utilize shear forces, if the balls utilized are of a higher density material than
that of the lining, it is anticipated that excess wear would be observed.193 The inner composite
lining of the system vials and the balls utilized can affect the impact force on the material being
ground and will greatly contribute to the overall energy imparted in a system. As will be
investigated in latter portions of this chapter, it is important to be able to impart the maximum
amount of energy into the loaded precursor materials to result in an accumulation of energy but
minimize excess wear of the system components. This energy accumulation generally leads to
the evolution of defects (i.e. exposure of new surface sites) which will greatly affect the reactivity
of the sample.31
Different types of composites, such as stainless steel, silicon nitride, zirconia, and
tungsten carbide, are commonly used as lining materials.235 Ultimately, as will be observed and
as anticipated, the milling media employed in a mechanochemical study will affect the resulting
powder characteristics. Materials available for the Fritsch model are given in Table 3.1. Those
which were used in this and subsequent chapters are denoted in this table as well.
(3) Milling Speed
As this parameter also contributes to the overall energy imparted in a system, it is
important to consider its involvement in a given mechanochemical system. However, the
rotational speed of various mechanochemical systems, including high-energy planetary ball mills,
must be carefully monitored so as to minimize any potential of the balls becoming pinned to the
wall at too high of speeds. If this occurs, the ball will not come crashing back into the side of the
vial as anticipated. Therefore, the energy imparted will be much less than theoretically predicted.
The manufacturer of a particular make or model of the milling system employed should provide
the limitations of the mill employing variously sized balls so as to prevent this phenomenon.26, 235
Additionally, while higher rotational speeds may generally lead a researcher to anticipate
faster production and/or size reduction, one must be cautious as well, as higher imparted
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Table 3.1 Commonly employed materials for the Fritsch Pulverisette 7 Premium Line planetary ball mill.

Ɨ

Material (vial and balls)Ɨ

Density (g/cm3) Ɨ *

Used in this Study?

Agate (SiO2)

2.65

×

Silicon Nitride (Si3N4)

3.25

✓

Sintered Corundum (Al2O3)

3.9

×

Zirconium Oxide (ZrO2)

5.7

✓

Hardened Stainless Steel

7.7

×

Tungsten Carbide (WC)

14.9

✓

Reported by Fritsch GmbH (Milling and Sizing). Note: described based on the main components of the material.

*

Higher density means that the energy imparted should generally be higher.
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energies (and therefore higher system temperatures) may lead to excessive wear on the milling
materials, thereby leading to corrosion and contamination.235
(4) Milling Time
The length of milling time utilized in the production of various materials must be
investigated such that the desired material can be efficiently produced. However, this time must
be optimized such that excessive milling is minimized in an effort to reduce wear and
contamination.26, 235 However, exact timing is not always directly translatable to other classes of
materials (i.e. metals, ceramics, pharmaceuticals), as the precise minutiae of a process will likely
be varied and complex.237
(5) Ball-to-Powder Weight Ratio
Alongside these other parameters, the ball-to-powder weight ratio is another important
variable to consider. The ratio employed in a system plays a significant role on the time required
in the production or size reduction of materials; generally, a higher value for this ratio will result
in shorter time required for transformation.235 This may be largely attributed to the idea that
excess powder could lead to a “padding” effect which may hinder the timing necessary for various
systems.
3.1.2 Importance of Work and Background of Selected Model
Although many of these aforementioned parameters affect a mechanochemical system
in a predictable way, it is important to further refine and optimize models which may more clearly
describe the various phenomena occurring during the milling process. For the scope of this
research project, planetary ball milling has been employed to investigate the production of
complex multicomponent oxides. Mechanochemical production methods are largely accessible
to an academic research laboratory because they offer moderate price ranges and are considered
simple to use. Further, when considering an advantageous approach for the production of the
materials explored herein, it appeared that there was extensive literature information and a rapid
development in the interest and understanding of mechanochemical methodology.25, 31, 238-239
Upon further investigation, it also appears that, while the instrumentation and methodology has
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been around for an extensive period of time192, there is still much that is misunderstood or
underexplored.31, 33, 240
Over the years, several groups have attempted to model and understand the movements
and phenomena occurring during mechanochemical syntheses.198-199, 238, 241-264 As there are many
factors which influence the particle size reduction, energy imparted, and the overall time it takes
to synthesize a material32, coupled with the inconsistency observed in the literature for various
parametric studies33, 240, there remains a high demand for research benefiting this field and
exploration of known and underdeveloped models.
The Burgio equation198, which was described in detail in 1991 and subsequently explored
by Rojac, et al.,238 in 2006 has been discussed extensively in the literature, although largely for
mechanochemical alloying. This model equation remains only partially tested for complex
oxides.238 In the Rojac article, this model was utilized for the production of NaNbO3 for potential
use an alternative piezoelectric material,238 but further experiments into other oxides does not
seem to have been extensively investigated.33, 240 In fact, in a very thorough chapter discussing
this and other similar oxide syntheses utilizing mechanochemical methods, Rojac himself (along
with Kosec) discusses the main complex oxides explored experimentally are of the ferroelectric,
magnetic, semiconducting, and catalytic variety,240 but limited studies appear to exist for
theoretical models with accompanying experimental results. Rojac goes on to discuss the
importance of continued research, as there is still very little understanding of the impact of
different milling parameters, such as rotational speed (RPM), amount of powder loaded, and
contamination from the milling media.240 Furthermore, the comminution process is gradual and
dependent on the various grinding parameters and system utilized, leading to discrepancies
between the results obtained by different laboratories when similar equipment is utilized, and
continued investigative studies may aid in the understanding of various mechanochemical
production methods.240
It is well known that mechanochemical synthesis involves the application of mechanical
energy to induce transformations of the loaded material. However, due to the oftentimes violent
application of energy during synthesis and the wide variety of systems observed in the literature,
it will always be important to explore novel systems and the effect of parametric variations. As
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expounded upon in a discussion by Zyryanov, mechanochemical production of complex oxides
and composites was not thoroughly considered in several review articles, even though interest
in the subject had grown significantly in the recent years.265 Although interest in various oxide
systems has grown, many articles are simply concerned with the variation in milling duration, but
lack a significant discussion of the other parameters at work.25, 31, 239, 265 Further, in a field such as
phosphor research, where materials of interest are constantly changing based on slight
alterations to achieve higher density, effective atomic number, etc., studies such as those
provided herein may provide some valuable discussion for a more idealized understanding of the
conditions necessary for scalability.
As this equation does not appear to have been explored for complex oxide nanophosphor
materials such as the GAGG:Ce and LSO:Ce materials, it appeared that this study would aid in the
understanding of complex oxide formation, while giving more in-depth insight into the various
phenomena occurring within the chosen milling systems.
3.1.3 Selected Equation for Experiments
As just discussed, a very thorough model for mechanochemical studies was presented by
Burgio, et al., in 1991,198 which was then further discussed in an article by Rojac, et al., in 2006.238
This model has mainly been employed for alloy syntheses, with the latter Rojac article employing
it for oxides. Using the information available in the literature, the following rearrangement of the
equation utilized by Rojac, et al., has been assembled for the impact energy from one ball:
𝐸𝑞. 3.1

𝐸𝐽 =

𝜋𝑑3 𝐷𝑆𝐷 𝑠𝐶 (𝑊 − 𝑑) 𝑠𝐶2 (𝑊 − 𝑑)
[−
− 2𝑅]
24
𝑆𝐷2

The cumulative energy imparted by all balls in the mill for a given duration of time is given
by the following equation:

𝐸𝑞. 3.2

𝐸𝑐𝑢𝑚 =

1.5𝐸𝐽 𝑁𝑡(𝑆𝐷 − 𝑊)
𝑀

where EJ is the energy of the ball mill per collision of one ball (J/hit), Ecum is the cumulative energy
(J/kg), d is the ball diameter (m), D is the density of the material used for the vials and balls
(kg/m3), SD is the main disk rotational speed (rev/sec), sc are the vial rotational speed (rev/sec),
W is the vial diameter (m), M is the mass of the powder (kg), N is the number of balls utilized, t
47

is the milling time (sec) and R is the distance between rotational axes (m). The work presented
herein used the above equation to guide tests of the model with the aim of analyzing the effect
of d, D, SD, M, N, and t on EJ and Ecum on the overall production of the GAGG:Ce and LSO:Ce
materials.

3.2 Experimental Approach
3.2.1 Approach to Powder Production
In the studies conducted herein, various oxide powders (GAGG:Ce, LSO:Ce, and
GYGAG:Ce) were produced from the stoichiometrically-combined precursor components (Gd2O3,
Y2O3, Al2O3, Ga2O3, Lu2O3, SiO2, and CeO2) which were obtained from commercial suppliers. A
Fritsch Pulverisette 7 Premium Line planetary ball mill was used for the mechanochemical
production of the materials in air with two 45-mL vials made of silicon nitride (Si3N4, density of
3.25 g/cm3), zirconium oxide (ZrO2, density of 5.7 g/cm3), or tungsten carbide (WC, density of
14.9 g/cm3). Ball-to-powder weight ratios varied depending on the system and components
utilized, but for 4g added precursor material varied between approximately 0.9:1 → 19:1.
3.2.2 Analysis Methods
Powders obtained in this study were analyzed via powder X-ray diffraction (PXRD),
fluorimeter excitation and emission analysis, decay time studies, scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and dynamic light scattering (DLS). A full
description of the chosen analysis methods and the instruments used to obtain the results can
be found in Chapter 2.

3.3 Preliminary Study on the Production of GAGG:Ce
Before the parametric study was conducted, a preliminary experiment involving the
production of GAGG:Ce to show that we could produce the material as anticipated. 68 Some of
the main production methods include high temperature melt approaches for the production of
single crystals (Czochralski growth75, 266, etc.) and powder production approaches (sol-gel267, coprecipitation11, etc.) which, as was discussed in Chapter 1, produce powders which may
potentially be further processed as ceramics. It was advantageous to initially produce GAGG:Ce
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utilizing a planetary ball mill prior to embarking on the detailed parametric study. This proof of
concept was conducted using the Si3N4 system with 7 of the 10-mm balls milled at 850 RPM.
3.3.1 Results of Preliminary Study
(1) X-Ray Diffraction (PXRD)
After approximately 8 hours of mill time, peaks indicative of the GAGG:Ce phase matching
available literature references86, 119, 162, 268-269 had appeared in the PXRD pattern. The gradual
transformation of the starting material oxide precursors to the dominant garnet phase are
presented in the patterns of Figure 3.2. It is evident that noticeable transformations deviating
from that of the starting materials occur after a relatively short duration of time in the planetary
ball mill. As the milling time increases, peaks indicative of the garnet phase begin to appear in
the patterns. In the 8-hour pattern, peaks suggestive of the starting materials have subsided and
appear to indicate the successful transformation to the garnet phase. The crystallite size of the
powder obtained in the 8-hr sample was determined using Scherrer analysis (Chapter 2),
resulting in an approximate value of 24 nm.
While milling alone yielded the garnet phase transformation, the overall process of milling
appears to be gradual. As presented in the introduction, the energy accumulation in a system
may be considered greatly responsible for the reactivity of the loaded powders such as those
utilized herein, which requires that the energy be transferred from the system to the treated
solid during mechanochemical treatment.31 In this preliminary study, it was pertinent to
investigate the idea of this gradual phenomenon. As was observed in Figure 3.2, the sample
milled for 4 hours appeared to demonstrate that a partial conversion to the garnet phase has
occurred. This sample was collected, sintered in a preheated furnace, and compared to the PXRD
patterns the as-milled sample in Figure 3.3.
(2) Scanning and Transmission Electron Microscopies (SEM and TEM)
The morphological features of mechanochemically synthesized powders were
investigated using SEM and TEM. SEM microstructures of obtained materials are summarized in
Figure 3.4. The TEM images for the samples are depicted in Figure 3.5. As anticipated, the samples
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Figure 3.2 PXRD patterns of the as-produced powders following milling precursor oxides for 2hr, 4-hr, 6-hr, or 8-hr compared to a reference pattern of a Czochralski-grown crystal crushed
in a mortar and pestle and subsequently milled for approximately 30-min for size reduction.
Peaks indicative of the garnet phase matching those in other literature references are
apparent in the 8-hr milled sample.86, 119, 162, 268-269
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Figure 3.3 PXRD patterns of the powder after 4-hr of continued grinding of the precursor
oxides, both with and without sintering post-milling, compared to a reference pattern of a
Czochralski-grown crystal crushed in a mortar and pestle and subsequently milled for
approximately 30-min for size reduction. While the powder which has not been sintered
shows contamination from precursor or intermediary species, the sintered sample shows full
transformation to the crystalline garnet phase. Peaks indicative of the garnet phase matching
those in other literature references are apparent.86, 119, 162, 268-269

51

Figure 3.4 SEM images obtained of the produced GAGG:Ce powders: (top) 8-hr ball mill
sample (7x10mm balls, 4g starting material, Si3N4 cup/ball system), unsintered; (bottom) 8-hr
ball mill sample (7x10mm balls, 4g starting material, Si3N4 cup/ball system), sintered.
Evidence of agglomeration is apparent.
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Figure 3.5 TEM images of the unsintered ball mill sample at the 8-hr timepoint. As was seen in the SEM analysis
from Figure 3.5, evidence of agglomeration is apparent.
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obtained from mechanochemical milling show significant agglomeration (which will be discussed
in later portions of this chapter).
(3) Dynamic Light Scattering (DLS)
DLS studies were conducted by Washington University’s Nano Research Facility (NRF)
with a measurement range of the instrument from 0.3 nm - 10.0 m. By considering the mean
intensity, mean volume, and mean number, an average particle size was determined.
Experiments were conducted in triplicate, then averaged together to obtain a final particle size.
For the ball mill sample at the 8-hr timepoint using 7 of the 10-mm balls, milling at a speed of
850 RPM, and utilizing a Si3N4 milling system, the triplicate trials gave an average particle size of
636, 567, and 770 nm, respectively, yielding a final average particle size of approximately 650
nm.
(4) PL Decay Time Analysis
The decay times for various GAGG:Ce samples were also determined in this study. For this
study, a Horiba Jobin Yvon nano-LED appropriately matched to the wavelength of excitation was
utilized. The decay time of the synthesized powders and the GAGG:Ce reference were measured
and compared to the literature value obtained via this method for a GAGG:Ce single crystal of
approximately 50 ns.96 These curves are shown in Figure 3.6, with the obtained decay times for
the powders being 56 ns for the powdered disk reference and 53 ns for the ball mill sample at
the 8-hr timepoint using 7 of the 10-mm balls, milling at a speed of 850 RPM, and utilizing a Si3N4
milling system.
In the analysis, a two-component fit gave better results than that of a one-component fit.
After discussion with the student operators of the instrument, it was determined that the fast
component observed (approximately 10 ns) was from the instrument. In addition, based on the
aforementioned study giving the decay time value for a GAGG:Ce single crystal, the variation in
Ce3+ lifetime is probably due to greater emission reabsorption at higher cerium concentrations.
It has been stated that this reabsorption of emission can lead to a longer decay time.96, 270-272
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Figure 3.6 PL decay spectra for: (top) the powdered GAGG:Ce disk reference and (bottom)
sintered sample synthesized utilizing the Fritsch Pulverisette 7 Premium Line planetary ball
mill (8hr mill time, 7 x 10mm balls, 4g starting material, Si3N4 vial/ball material).
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3.3.2 Discussion of Preliminary Study
Although the sizes of the samples were analyzed through the PXRD, SEM, TEM, and DLS
results, the particle sizes obtained in these experiments were inconsistent. For DLS, this is
partially due to a limitation of the particle size analysis measurements, which had a range of 0.3
nm - 10.0 m, but the remaining variation can be largely attributed to significant difference from
agglomeration of particles223, as is often seen in HEBM.33, 195, 273-274 As seen in the SEM images,
some particle sizes of the obtained powders exceeded the DLS range, but the measured clusters
themselves appear to be composed of smaller particles. Clarification of the sizes may be garnered
from TEM images, which, while still indicating agglomeration, seemed to indicate verification that
even smaller particles were present. The Scherrer equation provided mathematical calculations
for crystallite size obtained from PXRD results. In this case, the crystallite sizes were much smaller
than the particle sizes obtained from the other results.223 These results demonstrate the low level
of correlation between the DLS, SEM, TEM, and Scherrer-calculated size analysis methods. This
discrepancy in particle and crystallite sizes can largely be ascribed to agglomeration phenomena.

3.4 Further Experiments to Test a Mechanochemical Model
After the preliminary study indicated successful production of the GAGG:Ce material,
further experimental studies could be conducted to explore the Burgio-Rojac equation for the
production of the GAGG:Ce and LSO:Ce materials, the latter of which had a similar preliminary
verification experiment conducted prior to experimentation.136
Using the Si3N4, ZrO2, and WC planetary ball mill systems (i.e. vial composite lining and
ball components), a series of experiments were then conducted to test this model. 234 A list of
these experiments is found in Table 3.2.

3.5 Theoretical Discussion of the Model
3.5.1 Theoretical Considerations of the Model Equation
Using Equations 3.1 and 3.2, the theoretical values for the ball impact energy (EJ) and the
cumulative energy (Ecum) imparted have been calculated utilizing various parametric
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Table 3.2 Manipulated planetary ball mill parameters pursued in the experimental portions of this
study.
Cup/Ball Type
Variable

Si3N4

ZrO2

Cup/Ball Type
WC

Si3N4

GAGG:Ce

ZrO2

WC

LSO:Ce

2g, 7x10mm balls, 850 RPM

✓

✓

✓

✓

✓

✓

4g, 7x10mm balls, 850 RPM

✓

✓

✓

✓

✓

✓

8g, 7x10mm balls, 850 RPM

✓

✓

✓

✓

✓

✓

4g, 11x5mm balls, 850 RPM

×

✓

×

×

✓

×

4g, 3x10mm balls, 850 RPM

✓

✓

✓

✓

✓

✓

4g, 7x10mm balls, 400 RPM

✓

✓

✓

✓

✓

✓

4g, 7x10mm balls, 650 RPM

✓

✓

✓

✓

✓

✓

4g, 11x10mm balls, 700 RPM

✓

✓

✓

✓

✓

✓

4g, 11x10mm balls, 850 RPM

✓

✓

✓

✓

✓

✓

4g, 17x10mm balls, 850 RPM

×

✓

×

×

×

×

4g, 3x15mm balls, 700 RPM

✓

✓

✓

✓

✓

×

Reactions completed/attempted are denoted with a ✓ while those not attempted in this study are denoted with an ×.
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considerations. The values for the vial diameter (W, 4.5 cm) and the interaxial distance between
rotational axes (R, 6 cm) are considered fixed constants, while the vial speed is inversely related
to the main disk speed (a ratio of 1:-2 for SD:sc). Over the course of these theoretical experiments,
the following terms were manipulated over various durations of time and, in several cases, were
thus found to impact the obtained values for EJ or Ecum:
1. Ball Diameter (d)
2. Main Disk Speed (SD)
3. Number of Balls Used (N)
4. Density of Mill Components (Vials/Balls) (D)
5. Precursor Powder Mass (M)
The subsequent sections describe these effects on the resulting EJ and Ecum terms, if
effected at all, with detailed discussion on the theoretical relationships. Through these
calculations, when one parameter was manipulated all others were held constant.
(1) Changes in the Ball Diameter (d)
Theoretically, as the ball diameter utilized in a system increases, both EJ and Ecum tend to
increase. However, certain conditions must be considered, such as the ability for the ball(s) to
move about in the vial which may be hindered from using too numerous a quantity of balls or
too large a size of ball, the latter of which can also dictate the maximum speed achievable as
limited by the instrument manufacturer. Figures 3.7-3.9 depict the dependence on the resulting
theoretical Ecum as a result of changing ball diameters in the three respective systems (Si3N4, ZrO2,
and WC). Figure 3.10 demonstrates the predicted cumulative energy and its dependence on the
diameter of ball utilized in the various theoretical systems after 8 theoretical hours of mill time.
This figure appears to illustrate the drastic decrease in cumulative energy observed when the
balls are too large to reasonably move about the vial. Although only 5-mm, 10-mm, and 15-mm
balls were used experimentally, 20-mm balls are available in other systems. For the theoretical
calculations shown, 20-mm, 30-mm, 40-mm, and 45-mm balls were used for prediction purposes.
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Figure 3.7 Theoretical cumulative energy over time in the planetary ball mill for various ball diameters and
within the Si3N4 system. While the ball diameter was changed between 5-mm, 10-mm, 20-mm, 30-mm, 40mm, and 45-mm for prediction purposes in a given system, all other parameters were held at constant
values.
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Figure 3.8 Theoretical cumulative energy over time in the planetary ball mill for various ball diameters and within
the ZrO2 system. While the ball diameter was changed between 5-mm, 10-mm, 20-mm, 30-mm, 40-mm, and 45mm for prediction purposes in a given system, all other parameters were held at constant values.
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Figure 3.9 Theoretical cumulative energy over time in the planetary ball mill for various ball diameters and
within the WC system. While the ball diameter was changed between 5-mm, 10-mm, 20-mm, 30-mm, 40-mm,
and 45-mm for prediction purposes in a given system, all other parameters were held at constant values.
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Figure 3.10 Theoretical cumulative energy after 8-hr of milling time in the planetary ball mill for various
ball diameters and vial/ball system materials. While the ball diameter was changed between 5-mm, 10mm, 20-mm, 30-mm, 40-mm, and 45-mm for prediction purposes in a given system, all other parameters
were held at constant values.
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(2) Changes to the Main Disk Speed (SD)
According to the theoretical calculations obtained, as the revolutions per minute (RPM)
increase, both EJ and Ecum increased. However, as observed in Figures 3.11-3.14 for the various
systems (both independently and compared following 8 hours of theoretical mill time), this
increase does not occur in a linear fashion. In these calculations, various RPM values were used,
including: 100, 200, 300, 400, 500, 600, 700, 800, 850, and 900. As described in the introductory
material, while this trend is logically anticipated, it has been found that the balls become pinned
to the vial walls above certain critical speeds and do not exert the anticipated force to induce
reactions. This parameter must be carefully considered in conducted experiments.26, 196
(3) Changes in the Number of Balls Used (N)
The ball-to-powder weight ratio relationship has been investigated in the literature, and
has been found to have an inverse relationship with the time required to synthesize a material.26
Assuming a constant mass, as the number of balls increase (and thus the ball-to-powder weight
ratio), the ball impact energy per each ball (EJ) remains the same. However, the cumulative
energy (Ecum) increases: (1) with increasing time and (2) with a larger number of balls.
The model predicts that as the number of balls increases, the cumulative energy should
increase in a linear fashion; if the number of balls in a system were increased from 1 to 7, the
ratio between the Ecum values increases by a factor of 7. This follows what would be expected
from Equation 3.2, as the N term is directly related to E cum. Figures 3.15-3.18 further depict the
predicted relationship between Ecum and the number of balls utilized in each of the three systems
chosen for this study, both independently and compared after 8 hours of theoretical mill time.
(4) Changes in the Density of Mill Components (Vials/Balls) (D)
Equation 3.1 predicted that EJ and density of the system utilized are directly related. As
Equation 3.2 predicted a direct relationship between EJ and Ecum, one might correctly assume that
Ecum and the density of the system are also directly related. The density ratios between the
various systems are related by 1:1.754 for Si3N4 and ZrO2, and 1:2.614 for ZrO2 and WC.
Consistently, when other parameters were manipulated, these ratios seemed to be present in
the resulting changes in Ecum between the various vial/ball systems.
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Figure 3.11 Plot showing the increasing Ecum with increasing revolutions per minute in the Si3N4 system
at various timepoints (2-hr, 4-hr, 6-hr, and 8-hr) wherein the Ecum values tend to increase with increasing
revolutions per minute. While the disk speed was varied in the range of 100-900 RPM, all other
parameters were held at constant values.
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Figure 3.12 Plot showing the increasing Ecum with increasing revolutions per minute in the ZrO2 system at
various timepoints (2-hr, 4-hr, 6-hr, and 8-hr) wherein the Ecum values tend to increase with increasing
revolutions per minute. While the disk speed was varied in the range of 100-900 RPM, all other parameters
were held at constant values.
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Figure 3.13 Plot showing the increasing Ecum with increasing revolutions per minute in the WC
system at various timepoints (2-hr, 4-hr, 6-hr, and 8-hr) wherein the Ecum values tend to increase
with increasing revolutions per minute. While the disk speed was varied in the range of 100-900
RPM, all other parameters were held at constant values.
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Figure 3.14 Energy per hit (EJ) values increasing as the rotation speeds are increased in all systems (Si3N4 < ZrO2 < WC)
shown at the 8-hr timepoint. While the disk speed was varied in the range of 100-900 RPM, all other parameters
were held at constant values.
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Figure 3.15 Plot showing the increasing Ecum with increasing number of balls in the Si3N4 system at
various timepoints (2-hr, 4-hr, 6-hr, and 8-hr) wherein the Ecum values tend to increase with
increasing number of balls. Values from 1 ball, 3 balls, 7 balls, and 17 balls were used for the
theoretical calculations, holding all other parameters at constant values.
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Figure 3.16 Plot showing the increasing Ecum with increasing number of balls in the ZrO2 system at various
timepoints (2-hr, 4-hr, 6-hr, and 8-hr) wherein the Ecum values tend to increase with increasing number of
balls. Values from 1 ball, 3 balls, 7 balls, and 17 balls were used for the theoretical calculations, holding all
other parameters at constant values.
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Figure 3.17 Plot showing the increasing Ecum with increasing number of balls in the WC system at various
timepoints (2-hr, 4-hr, 6-hr, and 8-hr) wherein the Ecum values tend to increase with increasing number of
balls. Values from 1 ball, 3 balls, 7 balls, and 17 balls were used for the theoretical calculations, holding all
other parameters at constant values.
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Figure 3.18 Plot demonstrating increasing cumulative energy values as the number of balls is increased
in all systems (Si3N4 < ZrO2 < WC) shown at the 8-hr timepoint. Values from 1 ball, 3 balls, 7 balls, and 17
balls were used for the theoretical calculations, holding all other parameters at constant values.
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(5) Changes in the Precursor Mass (M)
When all other parameters are held constant in this model, the mass of material added
has no effect on the EJ, implying that the impact energy should be constant in a system.
Manipulation of the mass in the system is, however, inversely related to the resulting Ecum, as
given in Figures 3.19-3.22, by the factor by which the mass is increased. This relationship can also
be garnered from the relationship of the terms in Equation 3.2.
3.5.2 Further Theoretical Comparisons Based on Usage of the Model
Using these theoretical calculations, several plots were created to illustrate relationships
between the revolutions per minute, the mass loaded into a system, and the number of balls
utilized and the predicted Ecum values. From the plots shown in Figures 3.23-3.25, it is evident
that Ecum increases (1) when the mass of the powder decreases, (2) when the revolutions per
minute increase, (3) when the number of grinding balls utilized increases, and (4) when the
system density increases. In all cases depicted in Figure 3.23, the Ecum of the 2g samples should
be larger than that in the 4g samples which should be, in turn, larger than that in the 8g samples
when the system material remained the same. This should make logical sense, as there is less
material to “pad” collisions of the balls, thereby resulting in an overall increase of energy in the
system. In Figure 3.24, as one might expect, shows that the faster the mill is rotating, the more
Ecum theoretically increases. Additionally, Figure 3.25 shows that when there are more balls
added to the mill, the Ecum should show a similar increase.
Based on Equations 3.1 and 3.2, a summary of the relationships expected and observed
theoretically in these calculations are as follows:
𝐸𝐽  𝐷  𝑆𝐷  𝑑
𝐸𝑐𝑢𝑚  𝐸𝐽  𝑁  1⁄𝑚
The EJ does not always change in a linear fashion and varies as a function of revolutions and ball
diameter (Figures 3.26). The general shape tends to stay constant for each of the plots
representing the three systems utilized, but the energy imparted tends to increase with the
density of the material chosen for the system (Si3N4 < ZrO2 < WC).
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Figure 3.19 Plot showing the predicted Ecum with increasing amount of loaded precursor mass in the Si3N4
system at various timepoints (2-hr, 4-hr, 6-hr, and 8-hr) wherein the Ecum values tend to show a theoretical
decrease with increasing loaded mass. Although samples utilized in the experiments for latter portions of
this article were only 2g, 4g, or 8g, it was pertinent to include 16g in the theoretical calculations for
predictive purposes. All other parameters were held at constant values in each of the given systems.
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Figure 3.20 Plot showing the predicted Ecum with increasing amount of loaded precursor mass in the ZrO2
system at various timepoints (2-hr, 4-hr, 6-hr, and 8-hr) wherein the Ecum values tend to show a theoretical
decrease with increasing loaded mass. Although samples utilized in the experiments for latter portions of
this article were only 2g, 4g, or 8g, it was pertinent to include 16g in the theoretical calculations for
predictive purposes. All other parameters were held at constant values in each of the given systems.
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Figure 3.21 Plot showing the predicted Ecum with increasing amount of loaded precursor mass in the WC
system at various timepoints (2-hr, 4-hr, 6-hr, and 8-hr) wherein the Ecum values tend to show a theoretical
decrease with increasing loaded mass. Although samples utilized in the experiments for latter portions of
this article were only 2g, 4g, or 8g, it was pertinent to include 16g in the theoretical calculations for
predictive purposes. All other parameters were held at constant values in each of the given systems.
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Figure 3.22 Predicted relationship of Ecum and the mass added to each of the systems explored.
Although samples utilized in the experiments for latter portions of this article were only 2g, 4g,
or 8g, it was pertinent to include 16g in the theoretical calculations for predictive purposes. All
other parameters were held at constant values in each of the given systems.
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Changes to the Mass
Figure 3.23 Plot depicting the predicted theoretical trend for changes to cumulative energy
over time upon manipulation of precursor mass loaded into the system with other parameters
held constant. As illustrated, in all systems, the Ecum increases with the number of balls of
equivalent diameter (11 balls > 7 balls > 3 balls), the density of material (Si3N4 Ecum < ZrO2 Ecum
< WC Ecum), and duration of time in the mill (2 hr Ecum < 4hr Ecum < 6hr Ecum < 8hr Ecum).
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Changes to the Revolutions per Minute
Figure 3.24 Plot depicting the predicted theoretical trend for changes to cumulative energy
over time upon manipulation of the revolutions per minute employed with other parameters
held constant. As illustrated, in all systems, the Ecum increases with the number of balls of
equivalent diameter (11 balls > 7 balls > 3 balls), the density of material (Si3N4 Ecum < ZrO2 Ecum
< WC Ecum), and duration of time in the mill (2 hr Ecum < 4hr Ecum < 6hr Ecum < 8hr Ecum).

78

Changes to the Number of Balls
Figure 3.25 Plot depicting the predicted theoretical trend for changes to cumulative energy
over time upon manipulation of the number of balls loaded into a given system with other
parameters held constant. As illustrated, in all systems, the Ecum increases with the number of
balls of equivalent diameter (11 balls > 7 balls > 3 balls), the density of material (Si3N4 Ecum <
ZrO2 Ecum < WC Ecum), and duration of time in the mill (2 hr Ecum < 4hr Ecum < 6hr Ecum < 8hr
Ecum).
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Figure 3.26 Energy imparted per collision, EJ, (J/hit) as a function of revolutions (Hz) and ball diameter
(m): Si3N4 (top left) < ZrO2 (top right) < WC (bottom).
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3.6 Experimental Discussion of the Model
3.6.1 Powder X-ray Diffraction (PXRD) and Luminescence Analysis
PXRD patterns were collected and analyzed over time to investigate the approximate
times at which successful production of the materials occurred. Again, as observed in the first
study, noticeable changes deviating from that of the precursor starting materials tend to occur
rapidly after initiation of comminution. In general, as the milling time increases, the peaks of the
respective GAGG:Ce and LSO:Ce phases increase and gradually become dominant in the patterns.
The peak locations and relative intensities identified for the references and the ball mill samples
are consistent with literature references for the GAGG:Ce phases86, 119, 162, 268-269 and LSO:Ce
phases29,

135.

After PXRD analysis and reference comparison, the approximate times for

production of a given experiment are presented in Table 3.3.
Crystallite sizes as determined from the Scherrer equation using the X’Pert Highscore
calculator for the 2g, 4g, and 8g samples milled at 850 RPM utilizing 7 of the 10-mm grinding balls
as synthesized in the vials of corresponding material (Si3N4, ZrO2, WC) are shown in Table 3.4.
Excitation and emission spectra for samples from one of the Si3N4 system runs illustrating
presence of cerium are shown in Figure 3.27. Bands indicative of the cerium component in both
the GAGG:Ce and LSO:Ce samples are evident.
3.6.2 Experimental Relationship Between Terms
(1) Effect of Ball Diameter (d)
As observed from the calculations in the theoretical section, increasing the ball diameter
while holding all other parameters constant led to faster experimental synthesis times, thereby
leading the authors to believe that the cumulative energy imparted in the system was increasing.
This is observed in the production of both GAGG:Ce and LSO:Ce.
When the ball sizes were increased from 10mm → 15mm, only three balls were used (due
to size and filling considerations). In these systems, the reaction time appears to have decreased
for both GAGG:Ce and LSO:Ce. This was illustrated in the comparison of the ZrO2 system utilizing
4g, 3 x 10mm balls at 850 RPM and the ZrO2 system utilizing 4g, 3 x 15mm balls at 700 RPM; in
the former experiment, the synthesis for both GAGG:Ce and LSO:Ce did not occur following 1081

Table 3.3 Times corresponding to the approximate point at which peaks consistent with the phases for the respective
GAGG:Ce and LSO:Ce materials appeared most dominantly in PXRD patterns during this study.ᴥ
Cup/Ball Type
Variable

Si3N4

ZrO2

Cup/Ball Type
WC

Si3N4

GAGG:Ce

ZrO2

WC

LSO:Ce

2g, 7x10mm balls, 850 RPM

6hr

2hr

1hr

2hr

2hr

45min

4g, 7x10mm balls, 850 RPM

8-9hr

5hr

2hr

4hr

4hr

1hr

8g, 7x10mm balls, 850 RPM

10hr*

6hr

4hr

10hr

10hr

2hr

4g, 11x5mm balls, 850 RPM

-

>10hr

-

-

>10hr

-

4g, 3x10mm balls, 850 RPM

>10hr

>10hr

10hr

>10hr

>10hr

>10hr

4g, 7x10mm balls, 400 RPM

>10hr

>10hr

>10hr

>10hr

>10hr

>10hr

4g, 7x10mm balls, 650 RPM

10hr

8hr

6hr

>10hr

7hr

2hr

4g, 11x10mm balls, 700 RPM

10hr

4hr

3hr

6hr

4hr

1hr

4g, 11x10mm balls, 850 RPM

6hr

3hr

2hr

3hr

2hr

30min

4g, 17x10mm balls, 850 RPM

-

>4hr**

-

-

-

-

4g, 3x15mm balls, 700 RPM

>10hr

7hr

>10hr

10hr

5hr

-

ᴥ In

samples denoted by “>10hr”, synthesis may still be possible but was not observed during the attempts presented herein

within a 10hr milling timeframe.
*

Peaks indicative of the garnet phase have appeared, but a slightly longer time is likely necessary for ideal phase formation.

**

After 4hrs of mill time, enough powder had evacuated from the cup to justify ending the run.
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Table 3.4 Approximate crystallite sizes of the GAGG:Ce and LSO:Ce materials using the dominant PXRD peak corresponding to
either material, the Scherrer equation, and its calculator on the X’Pert HighScore Plus Program assuming negligible instrumental
broadening effects.
GAGG:Ce
Sample

LSO:Ce

Synthesis

Approx. Crystallite

Synthesis

Approx. Crystallite

Timepoint (hr)

Size, D (nm)

Timepoint (hr)

Size, D (nm)

Si3N4 Ball Mill Sample: 7x10mm grinding balls, 2g starting material, 850 RPM

6

21

-

-

ZrO2 Ball Mill Sample: 7x10mm grinding balls, 2g starting material, 850 RPM

2

19

-

-

WC Ball Mill Sample: 7x10mm grinding balls, 2g starting material, 850 RPM

1

17

-

-

Si3N4 Ball Mill Sample: 7x10mm grinding balls, 4g starting material, 850 RPM

8

17

4

26

ZrO2 Ball Mill Sample: 7x10mm grinding balls, 4g starting material, 850 RPM

5

17

4

31

WC Ball Mill Sample: 7x10mm grinding balls, 4g starting material, 850 RPM

3

17

1

31

Si3N4 Ball Mill Sample: 7x10mm grinding balls, 8g starting material, 850 RPM

10

12

-

-

ZrO2 Ball Mill Sample: 7x10mm grinding balls, 8g starting material, 850 RPM

6

17

-

-

WC Ball Mill Sample: 7x10mm grinding balls, 8g starting material, 850 RPM

4

24

-

-
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Figure 3.27 (Top) Normalized luminescence spectra of a GAGG:Ce sample compared to a
reference material. Excitation spectra were collected using 530 nm emission, while emission
spectra were collected under 440 nm excitation. (Bottom) Normalized luminescence spectra
of a LSO:Ce sample compared to a reference material. Excitation spectra were collected under
410 nm emission, while emission spectra were collected under 357 nm excitation. In both
GAGG:Ce and LSO:Ce, the excitation peaks shown here is attributed to the cerium
component’s excitation from the 4f to 5d energy levels.119
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hr of mill time, while the latter experiment utilizing a lower RPM value yielded GAGG:Ce and
LSO:Ce by approx. 7hr and 5hr, respectively (Figure 3.28).
(2) Effect of Main Disk Speed (SD)
As previously discussed, when the mill is set to rotate at high revolutions per minute, the
balls are expected to remain attached to the vial wall for a longer duration of time, and has thus
been found to reduce the temperature within the system and the overall efficiency of milling.31
However, it has also been observed, as one might expect, that higher rotation speeds can shorten
the grinding time and decrease particle size of the sample. 196 As such, a balance must be reached
to ensure the more desirable occurrence of the latter phenomenon. Additionally, as observed in
several of these relationships, dependence on other factors must also be considered. Suggested
limitations for the Fritsch Pulverisette 7 planetary ball mill have been provided in the
accompanying documents for the apparatus, with deviations from these recommendations
appearing to impart excess stress on the system and forced degradation on the mill components.
Keeping these factors in mind, the main disk speed effects were investigated. In a comparison of
the synthesis times for the GAGG:Ce and LSO:Ce samples for all systems (Si3N4, ZrO2, and WC)
utilizing 4g of precursor material, seven of the 10-mm balls, and operating at either 400 RPM,
650 RPM, and 850 RPM, it was found that a higher RPM value with all other parameters
consistent yielded faster time for production/phase identification. Ultimately, this appears to
indicate that increasing the speed up to 850 RPM led to a faster synthesis in the case of these
complex oxides as explored herein.
(3) Effect of Number of Balls Used (N)
Intimately connected to the ball diameter parameter, the number of balls utilized is
important to consider. The use of many smaller-sized balls can lead to an increase in the
percentage of fine material produced during an extended run time, but a higher weight of balls
utilized in a system leads to a decrease in grinding time required.196 These trends, while discussed
elsewhere in available literature, were also reflected in the theoretical results of the model
utilized.
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GAGG:Ce

___________________

LSO:Ce

___________________

Figure 3.28 PXRD results following synthesis in the ZrO2 grinding media using
4g starting material and 3 x 15mm grinding balls at 700 RPM. Successful
production of the respective phases was determined to have occurred at
approximately 7hr for GAGG:Ce and 5hr for LSO:Ce, and peaks consistent with
literature references29, 86, 135, 268, 275-276 are denoted by an asterisk (*).
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As was investigated, both the GAGG:Ce and LSO:Ce materials exhibited shorter synthesis
times as the number of balls present in the reaction system increased when all other factors
remained constant. When increasing the number of balls from 3→7→11 in the ZrO2 system, the
synthesis times for the GAGG:Ce material saw an improvement of >10hr→5hr→3hr and the
LSO:Ce materials saw a similar trend from >10hr→4hr→2hr. Similar results of decreased reaction
times were observed when the experiment was conducted in the Si3N4 and WC vials.
(4) Effect of Density of Mill Components (Vials/Balls) (D)
Using different materials for the milling vials and balls has allowed for observation of how
density and hardness play a role in the synthesis of the GAGG:Ce and LSO:Ce materials. As we
recall, the density is 3.25 g/cm3 for Si3N4, 5.7 g/cm3 for ZrO2, and 14.9 g/cm3 for WC. A grinding
vial and grinding balls with a higher density may be used to impart a higher impact energy, thus
reducing the running time necessary.196 In other words, higher density should mean that shorter
milling time is necessary. Where samples could be collected and analyzed, this trend appeared
to hold true; a higher density of the milling components led to a faster occurrence of the
respective phases in the obtained patterns. As such, it can be reasonably assumed that the
systems reflected the trend predicted by the theoretical model.
For these experiments, the WC systems presented some difficulty, where the high density
of the components led to an increase in mechanical stress. From this stress, it can be anticipated
that the impact of the grinding medium might be dislodged and contaminate the powder.26 This
was the case for the WC systems and will be discussed more thoroughly in a later portion of this
article.
(5) Effect of Precursor Powder Mass (M)
Filling quantity of the vial is a factor to consider due to potential “padding” effects which
may have an effect on the overall energy imparted. Theoretically, this means that we may expect
the 2g samples to have been synthesized faster due to larger energy imparted in the system.
Based on the PXRD analysis, it was observed that the synthesis was faster when less
material was used. Exemplary PXRD patterns for these experiments are given in Figure 3.29.
Peaks indicative of successful production in a Si3N4 vial/ball system for the 2g, 4g, and 8g samples
appeared to occur at 6hr, 8hr, and 10hr for GAGG:Ce and 2hr, 4hr, and 10hr for LSO:Ce. As is
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evident from these plots, increasing the mass added to the system slows the reaction, such that
in the 8g GAGG:Ce sample after 10hr of mill time, the signature peak intensities are very low and
masked in pattern noise.

3.7 Potential Shortcomings for Mechanochemical Production
3.7.1 Degradation to the Mill Components
Contamination of system materials comprising the vials and balls in the desired product
powders is a known phenomenon associated with the utilization of ball mills. 33, 235, 277 A very
thorough discussion of contamination in ball mill was presented by Burmeister, et al., 37 as well
as in several other areas of the literature, in which authors will often discuss how high-energy
collisions within the mill may lead to eventual wear of the system components.31, 34, 278 Figure
3.30 shows images depicting this degradation of the vials and balls as observed in our laboratory.
The dislodged material from this gradual wear may get incorporated into or contaminate the
milled powder.37 This means that peaks indicative of the phases may be present in notable
quantities in a powder X-ray diffraction (PXRD) pattern with the desired material being milled, or
the dislodged material may intercalate itself into the structure itself, thereby completely
changing the product outright. While the first case is studied in this chapter, intercalation studies
will be presented in greater detail in later chapters.
It is important to note that utilization of the mechanochemical production method
presents certain disadvantages including, but not necessarily limited to, contamination,
production rate/intensity, and morphological control. As was seen in the PXRD patterns exploring
production of GAGG:Ce and LSO:Ce, for example, the intensity has drastically diminished and the
noise level within the patterns has increased for the GAGG:Ce sample in the 8g sample. This
phenomenon illustrates the importance of parameter control in these experiments.
When extensively used (“seasoned”) mill components were utilized in this study, a slight
increase in required time until production was noted (approx. 1hr), which we believe could be
the result of a padding effect. This seasoning effect has been discussed in the literature, as it is
believed that seasoning of the milling components may also result in lower contamination from
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_________________

__

_________________

__

GAGG:Ce
LSO:Ce

Figure 3.29 Effect of different starting masses for the production of GAGG:Ce and LSO:Ce. (left) 2g, (middle) 4g, (right)
8g with other parameters remaining constant (850 RPM, Si3N4 vials/balls, 7 x 10mm grinding balls). Peaks in the
GAGG:Ce and LSO:Ce patterns marked with an asterisk (*) are indicative of the respective phase formation based on
comparisons consistent with the reference patterns discussed in the literature29, 86, 119, 135, 162, 268-269. Generally,
subsequent samples collected showed similar composition following initial synthesis.
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Figure 3.30 Images depicting the contamination and degradation of mill components as observed over
continued and frequent usage.
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the milling components.31 Ultimately, as with other parameters of this system, the level of age
and seasoning must be carefully considered and further study may be advantageous.
Experimentally, with the high amounts of energy imparted, some degradation effects
were observed, especially in the WC systems. These samples consistently had
grey/blackcoloration post-milling. In the 4g WC run using seven 10-mm balls and operated at 650
RPM, peaks indicative of the GAGG:Ce phase were masked by the presence of peaks consistent
with WC. This contamination phenomenon for the WC system is illustrated in Figure 3.31.
During the course of these experiments, gradual degradation of the vial and ball
components was observed, specifically in the Si3N4 and WC systems. While the former is likely
due to the frequency of use, the latter system was likely due to excess mechanical stress. Future
experiments may want to explore the ideal lifetime of grinding components in terms of (1) how
to increase longevity and (2) when the components are considered inadequate for future usage.
For both the WC and ZrO2 systems, the luminescence seemed significantly diminished for
the GAGG:Ce material. It has been reported that ZrO2 can intercalate into the GAGG:Ce structure,
and even a small presence can significantly diminish luminescence properties as they reside
between grain boundaries of subsequently pressed ceramics and will therefore serve as a
potential scattering center.279 This and other M4+ species have been found to cause similar
changes in the overall light output.280 As similar diminished light yield results were observed in
the WC system, this could be due to the contamination observed in our WC results. However,
further experimentation is necessary.
3.7.2 Agglomeration
As can be observed from SEM investigations both conducted herein and elsewhere in
available literature, significant agglomeration (“sticking”) seems to occur with prolonged
grinding, which can largely be attributed to surface forces.31, 196 Consistency in resulting particle
sizes is a known issue of many mechanochemical syntheses and the particles obtained are
oftentimes agglomerated masses. One potential way of mitigating some soft agglomerates is
through the application of sonication.
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Figure 3.31 (Left) Visual transformation of the appearance of a precursor batch powder compared to a sample
collected from a WC system post-milling, after which the initially white powders appeared grey/black, presumably
from contamination. (Right) PXRD patterns of the 4g WC run using seven 10-mm balls operated at 650 RPM
illustrating the significant presence of peaks indicative of WC contamination.
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3.7.3 Mohs Hardness
Production of materials of varying hardness by mechanochemical means does not appear
to be a well-explored parameter in high-energy ball milling experiments. The hardness of a
material has been defined as the ability of that material to resist plastic and elastic
deformations281, both of which have been found to occur during the mechanochemical syntheses
of materials.31, 282-283
The necessary time required for the production of the GAGG:Ce material was observed
to be longer than that of the LSO:Ce material. These results are consistent with what might be
anticipated based on the Mohs hardness values of the materials; as mechanical milling involves
repeated phenomena such as breaking, aggregation of powder particles, new surface formation,
imperfections, etc., a material with greater hardness might take a longer time to produce via this
method.26, 31
The model explored herein is designed to investigate the energy imparted in the system
itself. However, as the powder hardness is not part of the system itself, the model does not
consider Mohs hardness in the equations as it is a property of the material being milled.
3.7.4 Sample Collection
Considering the equation again, it was predicted that the trend in required time for
successful synthesis was 2g < 4g < 8g. As the theoretical calculations predicted, the cumulative
energy is inversely related to the loaded mass in the system in a predictable way. Generally (and
within reasonable error), this trend was observed in LSO:Ce. Synthesis in this material occurred
at roughly 2 hr in the 2g sample, 3 hr in the 4g sample and 6 hr in the 8g sample, roughly reflecting
the ratio relationship represented in the equation.
However, in the GAGG:Ce material, synthesis occurred at roughly 6 hr in the 2g sample, 8
hr in the 4g sample, and 10 hr in the 8g sample, as opposed to what should more likely be 12 hr
in the 4g sample and 18 hr in the 8g sample. As the material is milled for a longer duration of
time, the amount of material in the cup decreases with sampling. Assuming roughly equivalent
samples are removed from the cup each time, however, the error seems to follow the trend
predicted. In the 2g sample with a synthesis time of 6hr, the standard deviation is approximately
2 hr. The 4g and 8g sample have an error of approximately ±4 hr and ±8 hr, respectively.
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3.7.5 Temperature of the Milling Vials
At high milling speeds or when using large sizes and numbers of balls, the vial may reach
elevated temperatures. This may be advantageous for homogenization and transformation of the
powders present in the mill, but may lead to degradation of milling components.26 Periodically
stopping the mill was done in an effort to prevent excess degradation,196 as the vials reach high
temperatures during the course of synthesis, with the temperature of the vial sometimes
reaching 45°C or higher during our experiments.
During the course of the experiments, rough measures of the temperature of the vial and
its components were made. It was observed that increased density (i.e. Si3N4 < ZrO2 < WC)
generally led to an increase in temperature when milled for the same duration of time and all
other factors remaining the same. This temperature also appeared to be directly related to the
size and number of balls utilized.

3.8 Mechanochemical Production of Other Garnet Oxides
As it has been shown to produce the GAGG:Ce and LSO:Ce materials, it is evident that
utilization of mechanochemical production methods may be extended to a number of other
materials. One such material, the novel gadolinium yttrium gallium aluminum garnet material
with a general formula of (Gd,Y)3(Ga,Al)5O12 and doped with cerium (has shown promising
characteristics for gamma detection purposes. It has exhibited properties such as high density
(5.80 g/cm3), high effective atomic number (48), high light yield (~50,000ph/MeV), high energy
resolution (3-5%), and excellent phase stability.59-60, 78, 125, 284-285
GYGAG by various names and ratios appears to have been synthesized via Czochralski
growth151, -pulling down technique130, traditional and ultrasonic assisted chemical
coprecipitation (TCC/UCC)55, 89, 286-287, and flame spray pyrolysis (FSP) and hot isostatic pressing
(HIP)57-61, with the latter of which appearing most frequently in the literature from Cherepy, et
al. This group, having done extensive research on the novel GYGAG material, has produced highly
transparent GYGAG:Ce ceramics at Lawrence Livermore National Laboratory (LLNL) and
Nanocerox, Inc., has begun commercial production of the material with comparable transparency
and scintillation properties as those fabricated at LLNL.98 This group has extensive investigations
94

of the Nanocerox powders following FSP production, exploring the as-received powders,
calcination temperatures of the powders to remove residual organics and undesirable phases
imparted by the FSP process while not inducing sintering phenomena (i.e., crystallization and
necking between particles), and subsequent casting, pressing, and pressing via a HIP method of
the powders.132
Initial experiments for the synthesis of GYGAG were conducted using 4g of
stoichiometrically mixed starting materials Gd2O3, Y2O3, Al2O3, Ga2O3, and CeO2. Reference
GYGAG samples were obtained from Nanocerox, showing amorphous nature following the FSP
process. The Nanocerox samples were sintered in a furnace to remove the aforementioned
organics as well as to induce crystallinity for PXRD analysis. These samples were analyzed using
PXRD both prior to and post sintering.
A PXRD pattern of the GYGAG ball mill sample compared to the two Nanocerox references
are shown in Figure 3.32. Analysis showed that after approximately 9hr 30min, the GYGAG
appears to have the best signal to noise ratio and most refined peaks. This sample is consistent
with that from the sintered Nanocerox sample.
The preliminary PXRDs were obtained using the benchtop Olympus BTX II Benchtop PXRD
apparatus, but further verification of its consistency with the reference materials was conducted
on the cabinet Empyrean PANalytical PXRD instrument. Utilizing this instrument, the patterns
showed a much clearer match to the Nanocerox references, as seen in Figure 3.33.
Mechanochemical methods such as those employed herein appear to be a viable route
for the production of garnet samples, such as that of GYGAG. Preliminary studies of GYGAG
produced through mechanochemical means again illustrates that this and similar materials can
be quickly and efficiently obtained utilizing a high energy planetary ball mill, as confirmed by
PXRD analysis. While this does illustrate the viability of this approach for the powder production
of the material, further investigation is necessary to evaluate the characteristics and viability of
the produced powder in ceramic manufacturing.
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Figure 3.32 PXRD patterns of GYGAG produced via planetary ball mill as compared to two reference samples (unsintered and
sintered) from Nanocerox.
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GYGAG 9h30m Ball
mill, downstairs
XRD, 2016

GYGAG 9h30m Ball
mill, 2016, ½ full

GYGAG 9h30m Ball
mill, 2014

Figure 3.33 Patterns obtained on the two PXRD instruments used in this study: an Olympus BTX benchtop instrument and a
PANalytical Empyrean cabinet unit. As illustrated here, the sintered GYGAG sample collected from the Empyrean gave much more
refined peaks matching those of the sintered Nanocerox sample shown previously.

97

3.9 Conclusions and Future Work
3.9.1 Mechanochemistry as it Pertains to Ceramic Production
Although this study has provided a more thorough understanding of the complex
transformations and phenomena occurring within a planetary ball mill system to produce
complex oxide materials, one potential area for future work, as was previously noted by Rojac,
et al., and mentioned in the introductory chapter of this dissertation, is the exploration of utilizing
these mechanochemically produced materials as precursors for ceramic production. As the
agglomeration present appears to indicate the presence of “soft” agglomerates regardless of
mechanochemical system used (Si3N4, ZrO2, or WC) with little necking between particles, the hot
isostatic pressing of powders such as these may be advantageous. As previously described, with
the hot isostatic pressing (HIP) method for ceramic production, various powder parameters must
be carefully monitored to ensure full and complete conversion to a transparent ceramic.60, 132
Exploration into alternatives such as the HIP approach for ceramic production from precursor
powders offers promising alternatives compared to the temperamental high-temperature melt
processes.
3.9.2 Future Outlook of the Model
A high-energy planetary ball mill is a commonly used mechanochemical approach in which
two opposite, equidistant vials installed on a disk platform are rotated simultaneously at high
speeds.38 The rotations of both these components cause the balls to collide with themselves and
the wall, leading to large impact energies. This interaction promotes high temperature synthesis
of multi-element compounds at lower temperatures. Two such materials, GAGG:Ce and LSO:Ce,
were produced via planetary ball mill through manipulation of the following ball mill parameters
such as: (1) ball diameter, d, (2) main disk speed, SD, (3) number of balls used, N, (4) mill
components density (vials/balls), D, (5) precursor powder mass, M.
The model chosen for these experiments was first explored by Burgio, et al. Equations for
the ball impact energy (EJ) and the cumulative energy (Ecum) as well as a thorough discussion of
the theoretical results were given. The theoretical cumulative energy (Ecum) that should be
observed in the mill over time was also explored in this article. Although the general trends
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predicted theoretically were reflected experimentally, it can be assumed that slight variations in
the Ecum may have occurred due to the authors attempting to reduce degradation phenomena.
The purposes of this work included: (1) test and compare a proposed model exploring
parameter manipulation for the mechanochemical production of complex oxides (GAGG:Ce and
LSO:Ce) via planetary ball mill to experimentally-obtained data, and (2) through this exploration,
minimize contamination and noise while maximizing the intensity of signature peaks for the
produced oxides. This particular model of phenomena occurring within the mill was concerned
with overall energy, and in that way could be used to predict how changing the explored variables
might increase the energy imparted, potentially leading to shorter mill times. Discrepancies
between the theoretical and experimental results could be further explored by refining available
models, such as through exploration of the ball movement within the milling vials, launching
criterion of the grinding balls, inelastic movement of the grinding balls, and further study on
padding effects.
Overall, this method has proved to be advantageous for the rapid production of oxide
materials and is worth investigating further.
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CHAPTER 4.

SOLUTION COMBUSTION SYNTHESIS OF A CERIUM-DOPED
MULTICOMPONENT OXIDE MATERIAL, GADOLINIUM ALUMINUM
GALLIUM GARNET
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This chapter was adapted from work presented in the article entitled Synthesis of
GAGG:Ce3+ Powder for Ceramics using Mechanochemical and Solution Combustion Methods by
McDonald, K.A. and Schweitzer, G.K. published in the Journal of the American Ceramic Society
(2018). Although a majority of the work has remained unaltered, where applicable, more detailed
information was given than was presented in the article itself for a more in-depth discussion of
background material and results. Certain introductory materials given in the article, such as the
general introduction to mechanochemistry, have appeared in Chapters 1 and 2 of this
dissertation and have therefore been omitted from this chapter to avoid repetition.
This chapter presents aspects of the article pertaining to the production of phosphor
materials through a solution combustion synthesis approach. The chapter has been formatted
according to dissertation formatting guidelines.

4.1 Introduction
4.1.1 Solution Combustion Synthesis (SCS)
As covered in detail in Chapter 2, the term solution combustion synthesis describes
reactions generated from the combination of an oxidizer, fuel, and applied heat which typically
can be carried out in a matter of minutes.205 One of the most thorough discussions of solution
combustion syntheses of nanomaterials came from Varma, et al.,66 in 2016 and has served as
very thorough source for background material, though several other reviews and articles exist on
this subject.207-208, 288 SCS reactions have been noted as fast and easy to use, largely utilizing fairly
simple equipment. These properties make SCS appealing for the conventional research
laboratory. Furthermore, the size and morphology of powders obtained from this method has
been described as attractive for use as precursors in ceramic production.289
While SCS has shown promise for the production of nanomaterials, there is still little
known about the exact reaction mechanisms.203 Therefore, experiments such as those presented
herein are advantageous for the exploration and development of this field.
4.1.2 Fuels for SCS Reactions
Although a small number of fuels were already listed in Chapter 2, it is important to note
that there are a number of potential fuels available for these types of reactions. However, when
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selecting an ideal fuel for SCS reactions, there are several aspects to consider. For example,
glycine is an excellent complexing agent and has been widely utilized in combustion-type
reactions for this purpose.290 Overall though, there are a few consistent features of currently
investigated fuels205, 291:

1. The fuel has been generally described as a source of carbon (C) and hydrogen (H) for the
SCS reaction. Upon combustion of the precursors, the fuel contributes to the formation
of simple gaseous molecules (i.e., CO2 and H2O) and the liberation of heat. These gaseous
products bubble through the sample, frequently leading to the evolution of products with
pore-like features.
2. As observed in the glycine example, the fuel may form complexes with the metal ions.
This complexation facilitates the homogeneous mixing of cations in solution.
3. Depending on composition, the fuel may break down into further gaseous components,
generating combustible gases such as NOx. Compounds with existing nitrogen
components have been found to assist in the efficiency of the combustion reaction.

Additional fuel criteria to consider include: (1) solubility, (2) ignition temperature, (3)
nature of reaction (i.e. not explosive), (4) gas evolution (i.e. ideally nontoxic, but greater amount
of gas evolution may lead to higher surface area)292, (5) minimal residual mass (i.e. carbonaceous
residue), and (6) readily available/cost efficient.66, 205 The chosen fuel should not promote the
selective precipitation of the metal ions during the process.66 While simple compounds such as
glycine and urea are some of the more commonly used fuels for a wide variety of reactions212, 289,
293-296,

some variations have been observed, namely in the utilization of various ratios with

multiple fuels296 and exploration into some other novel fuels.205
4.1.3 Fundamentals and Considerations
Due to the vigorous and rapid nature of the reaction, a typical SCS experiment may have
many different phenomena which may occur. For example, Patil, et al., proposed a possible
mechanism for oxide formation via this method wherein, during the first two minutes of heating,
the fuel utilized (urea) decomposes and the hydrated metal nitrate dehydrates. Alongside this,
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various intermediate compounds and complexes occur. The evolution of various gaseous
products leads to foaming and swelling. It has been suggested that this foam may be combustible
depending on the components of the foam (i.e. combustible gases). In the last stage of the short
reaction time, the combustible foam burns and further swells, yielding a fine and voluminous
powder.66, 205 Overall, while this proposed mechanism is good for the general understanding of
combustion reactions, it can be stated that the mechanisms of the combustion process are quite
complex.296

4.2 Experimental Procedure
4.2.1 Powder Production
Processing utilizing the SCS approach was accomplished through use of hydrated
Gd(NO3)3, Al(NO3)3, Ga(NO3)3, and Ce(NO3)3. The stoichiometrically mixed nitrates and the chosen
fuel(s) were combined in a 100-mL evaporating dish. This slurry was then placed into a preheated
MTI Corporation KSL 1100X furnace, and within minutes the solution vigorously reacts and
evolves various gaseous products. The powder remaining after a short duration of time (typically
less than 10 minutes) was then collected, ground in an agate mortar and pestle, sintered using a
conventional microwave oven and microwave kiln, and analysed using various analysis methods.
The fuels used in this study included urea, hexamine, and hydroxylamine in varying ratios and
temperatures. Mixed ratios of the urea and hexamine were utilized for two experiments to
explore variations. Experiments conducted included variants of: (1) urea (metal to fuel ratio of
1:16) with a furnace temperature of 650°C, (2) hydroxylamine (metal to fuel ratio of 1:4) with a
furnace temperature ranging from 350-650°C, and (3) urea and hexamine (in two experiments
involving ratios of metal:urea:hexamine of 1:7:1 and 1:8:2, respectively) with a furnace
temperature of 650°C.
4.2.2 Characterization
Characterization was conducted using the PXRD, fluorimeter, DLS, SEM, TEM, and decay
time techniques listed in Chapter 2.
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4.3 Results
4.3.1 Powder X-ray Diffraction
SCS synthesized powders analyzed by powder X-ray diffraction (PXRD) gave largely
amorphous results, but the subsequent sintering of these powders led to the structural formation
of the crystalline GAGG:Ce phase. The peak positions are consistent with those for the ground
GAGG:Ce disk reference. Figure 4.1 compares the first attempted syntheses of the GAGG:Ce
material using various fuels with a constant furnace temperature of 650°C. After PXRD
characterization analysis, further investigations were no longer pursued for the 1:7:1 sample,
largely due to the improved quality of the 1:6:2 sample utilizing the same fuels.
Keeping all other parameters consistent and using hydroxylamine as the chosen fuel,
various temperatures were then attempted, as depicted in Figure 4.2. Patterns appeared to show
a gradual increase in intensity inversely proportional to the temperature chosen.
Using the Scherrer equation, approximate crystallite sizes were obtained using the main
highest non-overlapping peak belonging to the GAGG:Ce garnet phase at approximately 33° 2.
These results can be found in Table 4.1.
4.3.2 Excitation and Emission Spectra
Similar to the method utilized from Chapter 3, fluorescence results for the samples
yielded bands consistent with the GAGG:Ce reference, with the excitation and emission bands
occurring at approximately 440 nm and 530 nm, respectively.119, 297
Excitation and emission measurements on the powders obtained from the combustion
synthesis approach were collected and compared to that of the powdered GAGG:Ce reference.
Figure 4.3 shows that all of the chosen fuels give excitation and emission bands consistent with
literature references. Figure 4.4 goes on to compare the samples which utilized hydroxylamine
as the chosen fuel (1:4 ratio) in which, when all samples were prepared consistently, the relative
intensities of the as-prepared powders were inversely proportional to the furnace temperatures
utilized.
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Figure 4.1 Normalized PXRD patterns of powders produced through the solution combustion synthesis (SCS)
approach utilizing various fuel additives. All samples were subsequently sintered. Peaks indicative of the garnet
phase appear to be dominantly displayed in all patterns shown.
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Figure 4.2 PXRD patterns prior to normalization of powders produced through the solution
combustion synthesis (SCS) approach using hydroxylamine as a fuel. Using a preheated oven
at various temperatures, these patterns were achieved. Peaks indicative of the garnet phase
appear to be dominantly displayed in all patterns shown.
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Table 4.1 Approximate crystallite sizes of the GAGG:Ce material synthesized through
various means using the dominant PXRD peak corresponding to the GAGG:Ce
material and the Scherrer equation.
Sample Description
1:7:1 Metal:Urea:Hexamine
Furnace Temperature: 650°C
Microwave Sintered
1:6:2 Metal:Urea:Hexamine
Furnace Temperature: 650°C
Microwave Sintered
1:4 Metal:Hydroxylamine
Furnace Temperature: 350°C
Microwave Sintered
1:4 Metal:Hydroxylamine
Furnace Temperature: 450°C
Microwave Sintered
1:4 Metal:Hydroxylamine
Furnace Temperature: 650°C
Microwave Sintered

Approximate Crystallite Size, D (nm)

21
34
34
19
34
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Figure 4.3 Excitation and Emission bands for the SCS samples obtained using various fuels and a preheated
furnace with a temperature of 650°C. Samples were subsequently microwave sintered. Excitation spectra were
collected under approx. 525 nm emission, while emission spectra were collected under approx. 440 nm excitation.
Obtained peaks are consistent with reference values.
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Figure 4.4 Excitation and Emission bands for the SCS samples obtained using hydroxylamine as a fuel (1:4) and a
preheated furnace with a temperature ranging from 350-650°C (FT=furnace temperature). Excitation spectra were
collected under approx. 525 nm emission, while emission spectra were collected under approx. 440 nm excitation.
Obtained peaks are consistent with reference values.
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4.3.3 Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM)
The morphological features of mechanochemically synthesized powders were
investigated using SEM and TEM. Exemplary SEM images of some obtained powders via SCS are
shown in Figure 4.5. The TEM images for the samples are depicted in Figure 4.6. The appearance
of the obtained powders generally varied depending on the fuel(s) used and the furnace
temperature utilized, which seems to be consistent with literature references.66 As was noted in
the planetary ball mill production of this and similar materials, agglomeration was anticipated
and observed in the SCS-obtained samples.
4.3.4 Dynamic Light Scattering (DLS)
As discussed in Chapter 3, this experiment was conducted by Washington University’s
Nano Research Facility (NRF) with a measurement range of the instrument from 0.3 nm - 10.0
m. By considering the mean intensity, mean volume, and mean number, Table 4.2 gives the
average particle size of each sample. Experiments were conducted in triplicate, then averaged
together to obtain a final particle size. The results from the DLS study indicates that the lower
temperature synthesis appeared to give finer particles utilizing a solution combustion synthesis
approach. As will be discussed later, this is not necessarily consistent with other particle size
analysis means.
4.3.5 PL Decay Time Analysis
As investigated in the preliminary experiments from Chapter 3, PL decay time studies
were investigated using two SCS samples. As previously described, the decay time of the
synthesized powders and the GAGG:Ce reference were measured and compared to the literature
value for a GAGG:Ce single crystal of approximately 50ns.96 These spectra are shown in Figure
4.7, and the calculated decay times are listed in Table 4.3. Once again, a two-component fit gave
better results than that of a one-component fit, again attributed to an instrumental contribution.
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Figure 4.5 SEM images of GAGG:Ce powders synthesized via: (left) SCS from the 1:4 metal:hydroxylamine 650°C sample,
unsintered; and (right) SCS from the 1:4 metal:hydroxylamine 650°C sample, sintered.
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Figure 4.6 TEM images of the various samples. (top left) 1:6:2, urea & hexamine, unsintered,
(top right) 1:6:2, urea & hexamine, sintered, (bottom left) 1:4, hydroxylamine, 650°C,
unsintered, and (bottom right) 1:4, hydroxylamine, 650°C, sintered.
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Table 4.2 Approximate particle size distribution for the various GAGG:Ce samples produced by
HEBM and SCS techniques. Each sample was measured three individual times, then averaged
together for a final average particle size.*
Approximate Average Particle Size (nm)
Sample Description
SCS 1:6:2, Metal:Urea:Hexamine
Furnace Temperature: 650°C
Unsintered
SCS 1:4, Metal:Hydroxylamine
Furnace Temperature: 650°C
Unsintered
SCS 1:6:2, Metal:Urea:Hexamine
Furnace Temperature: 650°C
Microwave Sintered
SCS 1:4, Metal:Hydroxylamine
Furnace Temperature: 350°C
MicrowaveSintered
SCS 1:4, Metal:Hydroxylamine
Furnace Temperature: 650°C
Microwave Sintered
*

Approximate
Final Averaged
Particle Size
(nm)

Trial 1

Trial 2

Trial 3

692

667

652

670

1047

1568

847

1150

433

400

366

400

1288

1040

788

1040

1497

1239

1375

1370

Provided by the Washington University Nano Research Facility (NRF) in St. Louis, Missouri.
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Figure 4.7 PL decay spectra for: (top) the powdered GAGG:Ce disk reference, (middle) sintered
sample synthesized through SCS using a 1:4 metal:hydroxylamine ratio (furnace temperature:
650°C), and (bottom) sintered sample synthesized through SCS using a 1:6:2
metal:urea:hexamine ratio (furnace temperature: 650°C).
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Table 4.3 UV-excited PL decay constant values for Ce3+ Component in the
GAGG:Ce garnet structure for various samples.
Sample Description

Decay Time (ns)

GAGG:Ce Referenceꙋ

56

SCS 1:6:2, Metal:Urea:Hexamine
Furnace Temperature: 650°C
Micrwave Sintered

50

SCS 1:4, Metal:Hydroxylamine
Furnace Temperature: 650°C
Microwave Sintered

60

ꙋCzochralski

grown, then ground to a powder.
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4.4 Discussion: Ball Milling vs. Solution Combustion Synthesis (SCS)
4.4.1 Agglomeration of Powders
As was briefly discussed in Chapter 3, the planetary ball mill and SCS approaches were
chosen as the primary methods for the production of the promising scintillator material
GAGG:Ce. These methods appeared to offer several advantages over other common powder
production methods, including low start-up cost, rate of production, and relatively low
temperatures required. As both methods utilized herein are conventionally batch methods,
scale-up potential is seemingly limited. Additionally, as indicated throughout this dissertation,
pressed ceramics, while advantageous in many ways over their single crystal counterparts, can
have adverse transparency effects arising from precursor powder characteristics (i.e. size,
agglomeration, etc.).180-181 Based on this and the observed properties from the research
conducted herein, it would appear that ball mill production of the GAGG:Ce would be most aptly
described as forming “soft” agglomerates, as was observed in the SEM and TEM images.
However, SCS powders produced “hard” agglomerates with inconsistent size and shape. This is
largely due to the explosive and uncontrollable reactions occurring during typical SCS reactions.
Therefore, while SCS may prove advantageous for the rapid production and testing of powders
for analysis on the laboratory scale, further tests would be necessary to produce more idealized
size- and shape-controlled powders.
As observed in Chapter 3, particle sizes obtained through various methods are largely
inconsistent. The values obtained for the SCS powders obtained via different methods are shown
in Table 4.4. These results again illustrate the low level of correlation between the DLS, SEM,
TEM, and Scherrer calculated particle size analysis methods.
In another study, the lowering of the SCS combustion temperature led to the production
of finer particles.66 Even with all other parameters controlled, this was not reflected in the
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Table 4.4 Comparison of various size analysis techniques used in this study. Values for the particle size range had
sizeable variations due to agglomerate formation.
Estimated Particle Size Range (nm)
Sample Description

1:6:2 Metal:Urea:Hexamine
Furnace Temperature: 650°C
Unsintered
1:4 Metal:Hydroxylamine
Furnace Temperature: 650°C
Unsintered
1:6:2 Metal:Urea:Hexamine
Furnace Temperature: 650°C
Microwave Sintered
1:4 Metal:Hydroxylamine
Furnace Temperature: 350°C
Microwave Sintered
1:4 Metal:Hydroxylamine
Furnace Temperature: 650°C
Microwave Sintered
*

Approx.
Scherrer
Calculated
Crystallite Size
(nm)

DLS*

TEM

650-690

415-2700

-

850-1570

100-2200

-

370-430

150-230

39

790-1290

70-430

39

1240-1500

70-260

24

Provided by the Washington University Nano Research Facility (NRF) in St. Louis, Missouri.

117

Scherrer analysis obtained herein. However, in the PL excitation and emission spectra, it was
observed that the relative intensity of samples increased with lower furnace temperatures, which
has been found to indicate higher quality of crystallinity.210 A possible explanation for this is the
low level of size control and high degree of agglomeration frequently observed in these
techniques, which may be adversely affecting the samples obtained.
When hard agglomerates are present in a sample, it is typically not possible to restore
particles back to individual nanoparticles, even after sonicating the sample. This is partially due
to the relative strength of the van der Waals forces that bind particles together, but also to the
shear forces that can be applied during synthesis.223 To test the effect of sonication, the
agglomerated SCS sample using hydroxylamine as fuel was placed in a Fisher Scientific CPXH
Series Heated Ultrasonic Cleaning applied during synthesis.223 Bath using methanol as a solvent.
After SEM analysis, the average particle size was again determined. Samples after sonication
were approximately 3 m compared to those prior to sonication, which had been approximately
7-8 m. Although this gives us a rough analysis of the degree of agglomeration, any samples
conducted in liquid and then dried can give false information, largely due to the lack of distinction
between agglomerates formed before and those formed after the drying process. Further
sonication studies would be necessary.

4.5 Conclusions and Future Work
GAGG:Ce is a promising inorganic novel scintillating material with several advantageous
properties. Although it can be produced through single crystal melt techniques, interest has
grown in powder synthesis methods which may be subsequently used to produce ceramics. The
work in this chapter has focused on the production of powders via the SCS method with a brief
comparison to those obtained in Chapter 3 via the planetary ball mill approach. With the high
level of agglomeration in powders produced through these methods, a large area of future
research focuses on the reduction or elimination of this phenomenon. Possible future research
avenues may also revisit the SCS production method, potentially with further temperature
control, continued alteration of the fuel/oxidizer ratio, and dilution using an inert material, the
last of which can also be employed for HEBM experiments.66
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CHAPTER 5.

STUDIES ON THE OPTIMIZATION AND SELECTIVE PRODUCTION OF
YAG, YAP, AND YAM
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This chapter presents an assembly of studies regarding the selective production and
optimization of phosphor materials through planetary ball mill and solution combustion synthesis
(SCS) approaches. The chapter has been formatted according to dissertation formatting
guidelines.

5.1 Introduction
5.1.1 Overview
Following the work presented in Chapters 3 and 4, it was important to again consider
optimization of phosphor materials, this time utilizing various materials in an effort to control the
resulting powder characteristics. For this study, yttrium aluminum garnet (YAG) was chosen as it
is a common reference material frequently selected to test novel synthetic methods or
alterations in parameters. These experiments focus on an in-depth exploration of two potential
powder production methods—(1) planetary ball milling and (2) solution combustion. While the
production of YAG using these methods is not necessarily novel in the literature, information is
often piecemeal and inconsistent. Further, only recent studies have begun investigating the
production of associated species frequently encountered during the YAG phase formation—
yttrium aluminum perovskite (YAP) and yttium aluminum monoclinic (YAM). A novel aim for the
research presented herein is the selective production of these materials and utilization of diluent
additives for the size control of produced powders.
Preliminary investigation of various parameters and stoichiometric control are utilized in
an attempt to selectively produce both YAG and YAP. Further, diluent studies were conducted to
investigate potential size control effects from the added diluent material. Unlike previous studies,
the authors will also examine the properties of some of these diluents, investigating the degree
of incorporation of these diluent components into the resulting structure.
5.1.2 YAG, YAP, and YAM
In a system involving the production of materials using Y2O3 and Al2O3 components, there
are mainly three compounds which may exist: (1) yttrium aluminum garnet (Y3Al5O12, YAG),
yttrium aluminum monoclinic (Y4Al2O9, YAM), and yttrium aluminum perovskite (YAlO3, YAP).298299

While this latter YAP species may occur as either an orthorhombic or hexagonal phase,
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literature discussion indicates that the hexagonal form is more frequently observed as an
intermediate in solution-based syntheses while the perovskite form has been found to occur in
solid-state approaches.298 Research has demonstrated the strong dependence on varying
stoichiometries, processing temperatures, and the consistency of Y and Al on a nanometer scale.
Generally, the YAG phase will be the thermodynamically favored form in the system. 300
YAG materials have shown promise in gamma-ray spectroscopy and laser applications due
to properties including excellent physical, chemical, optical, mechanical, and thermal stability.
However, the primary concerns encountered by researchers interested in YAG are the formation
of the aforementioned species alongside YAG during production and the agglomeration of
produced species.173 Upon survey of the literature, it would appear that, while the YAG phase
has been extensively studied, much less research has been dedicated to the YAM and YAP phases
due to the difficulty surrounding their isolated formation.131, 301 Understanding the factors that
influence the selective formation of one phase over another is imperative to ensure phase purity
so as to not significantly degrade the optical properties of ceramics in which they can be
employed. Additionally, research into this field alongside diluent studies may lead to further
understanding of the morphology of resulting powders.
5.1.3 Ceramics
As discussed in Chapter 1, ceramic production processes are advantageous due to their
ability to bypass the high-temperature melt growth of large single crystals which are generally
costly and require lengthy time commitments. Ceramic production methods have shown promise
for the production of materials which may be otherwise be difficult to produce and are more
readily adaptable to scaling and mass production compared to their high-temperature melt
counterparts.78
When producing these ceramics, however, light scattering sources (difference in indices
of refraction, pore presence, variation in material phases, etc.) must be minimized.78 Presence of
any light scattering sources can lead to a deviation in the direction of light as it passes through
the pressed ceramic, thus resulting in reduction of transparency.60, 78, 125, 132, 171-175, 302 While cubic
phases have been deemed most advantageous for the production of ceramics (i.e. garnets), some
recent interest has shifted focus to the development of non-cubic materials.186, 303
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5.1.4 Introduction to the Synthesis Approaches
(1) Solid-State
As was thoroughly investigated in Chapter 3, a planetary ball mill approach involves
mechanochemical processing wherein the loaded material repeatedly encounters collisions
caused by the system in which it resides. Many mill types exist, but research in this chapter
employed the use of a planetary ball mill. Due to the high amount of energy imparted, various
forms of agglomeration are known to occur within the mill.33, 195, 273-274
(2) Solution Combustion
Among the available chemical processes, solution combustion synthesis (SCS) is a
convenient approach, through which advantageous properties such as simplicity, time
consciousness, and minimized energy consumption are observed. SCS involves the propagation
of self-sustained exothermic redox reactions that proceed with a combination of oxidizer (metal
nitrates), fuel (urea, glycine, etc.), and a solvent (water, etc.).66-67, 208 Unfortunately, the particle
sizes of the produced powders are often difficult to control and agglomeration often occurs.304
5.1.5 Size Control through use of a Diluent
While the two synthesis approaches of interest allow for the production of fine powders,
size control is of optimal interest due to the increased potential scattering effect caused by larger
grain sizes. Therefore, this study also investigated the usage of diluent materials for size control
and optimization in the production of the YAG, YAP, and YAM phases.
(1) Solid-State
One novel method for the deagglomeration of nanoparticles in a milling system is through
the use of a diluent additive.32, 273, 305-319 In this approach, an inert material (generally a salt) is
added to the precursor material and all constituents are loaded into the mechanochemical
system for processing. This inert material is referred to a diluent phase. In salt-assisted
mechanochemistry, it has been found that incorporating this inert phase can restrain the growth
of the synthesized materials, control the distribution of particle size, and suppress the formation
of hard agglomerates through the absorption of some resulting collision energy. 314 Sodium
chloride (NaCl) has been frequently utilized in this capacity due to its inert nature as a diluent
and excellent milling ability.31,

312, 314

Another study has presented some preliminary
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investigations into molecular (i.e. sucrose) and ionic (i.e. NaCl) diluent additives in a mill.32
Regardless of choice, the diluent utilized should be relatively easy to remove after use (i.e.
remove the diluent with a wash utilizing readily available solvents to separate from the desired
nanomaterials).314
Another more established approach for the prevention of hard agglomerates and
dispersing of particles in a system is through the use of a liquid additive. Studies have shown that
when small volumes of certain liquids are added to a mechanochemical system, the added liquid
can aid in the acceleration of the reaction.30 Some such experiments include which can be
classified in this category of diluent-additive are the use of methanol to disperse Fe3O4320, ethanol
for submicron metal powders305, and various surfactants for alloy production.321
(2) Solution Combustion
A variant on the typical SCS approach was introduced by Chen, et al., and involved the
incorporation of inert salts into the conventional reaction, through which the authors observed
a notably increased surface area for the products.67, 208 In this so-called salt-assisted solution
combustion synthesis (SSCS), the added inert salt is believed to inhibit agglomeration through
the formation of a salt matrix. Advantageous salts in this system are generally affordable, stable
to relatively high temperatures, easily separated from the resulting product (i.e. soluble in
common solvents), and, for the interest of scalability, recyclable.67 Further, the role of the added
salts is believed to be two-fold: (1) the salt decreases the reaction temperature as the salt
additive absorbs heat from the reaction, and (2) the salt covers the newly formed particles with
a protective coating, preventing them from forming hard agglomerates.208 Although sintering
does lead to an average increase in particle size, the agglomeration observed in formed powders
was significantly reduced.304
As discussed previously, since the unassisted SCS technique has been found to quickly and
efficiently produce multielement compounds such as the garnets66, 204, 208-209, the diluent-assisted
SSCS technique may provide a promising novel approach for more ideal size-control of the
produced products. Current SSCS research appears to have been limited to various ceria-based
nanopowders67, MnCr2O4 spinel nanocrystals,322 and YFeO3 perovskites323. Further, exploration
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into novel diluent additives seems limited to salts via this method and thus leaves a burgeoning
area for future research, such as that presented herein.
A general procedure for diluent-assisted solution combustion synthesis (SSCS) is given in
Figure 5.1. Current literature available indicates that typical salts used for this process are NaCl6667, NaF66, 208, 324, LiCl67, 322, KCl67, 323, and CaCl 67, most of which have been chosen due to their inert
2

nature.31, 312, 314
(3) Overarching Research Goal
This article will focus on the size, morphology, and agglomeration control of garnet
powders produced through the utilization of a planetary ball mill and through employment of the
SSCS method. Although most of the additives chosen were salts, some variations were used for
comparison purposes.

5.2 Experimental
5.2.1 Solid-State
For the solid-state reactions conducted, a Fritsch Pulverisette 7 Premium Line planetary
ball mill was utilized with 45 mL Si3N4 vials. The Y2O3, Al2O3 and CeO2 precursor starting materials
were mixed in a stoichiometric ratio to attempt selective production of the YAM, YAP, and YAG
phases, with added diluent as experiments continued. The milling system employed was Si 3N4
using 9 of the 10-mm balls operating at various speeds in air.
5.2.2 Solution Combustion Synthesis
SCS was carried out in a standard furnace in air using 100-mL evaporating dishes. In the
initial experiments, the samples of the stoichiometrically mixed nitrate solutions (Y, Al, and Ce),
the fuel, and the diluent (where applicable) are combined in an evaporating dish. This dish was
gently heated (40°C) for a few minutes to promote homogeneity in solution. Afterwards, it was
placed in a preheated furnace at 500°C for about 10 min., where the liquid appeared to evolve
gas, become more viscous, and gradually ignite. This reaction yielded a powder whose
characteristics were dependent on the fuel and additive utilized. After the samples cooled,
various analyses were conducted.
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Figure 5.1 Flowchart depicting a general procedure for diluent-assisted solution combustion synthesis.304
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5.2.3 Heat Treatments
Samples were sintered using either a conventional furnace or a microwave oven, the
specifications of which can be found in Chapter 2.
5.2.4 Analysis Methods
Studies conducted herein utilized the PXRD, SEM, FTIR, and ICP-OES techniques given in
Chapter 2 where advantageous information could be gained.

5.3 Results and Discussion
5.3.1 Planetary Ball Mill Studies
(1) Description of Studies
The first step in this project was addressing the unknown in the literature. Although
previous studies had shown successful formation of the YAG phase using a combination of ball
mill syntheses, sintering, and additive, there were large discrepancies in the literature as to the
exact process. Furthermore, several studies omitted key details, such as the type of mill (ball,
attrition, tumbling, bead, etc.), ball mill system (hardened steel, silicon nitride, tungsten carbide,
etc.), speeds and times at which the milling occurred, number and size of balls, and sintering time
following the milling process. Therefore, it was necessary to conduct some preliminary studies as
to optimal production of YAG:Ce in the systems available in our research laboratory. Beginning
experiments are listed in Table 5.1.
As most of the available literature does not outline exact procedures, this experiment
conducted herein drew inspiration from a few available articles.24,

298, 301, 325-329

Differences

between the experiments conducted herein and those conducted in the aforementioned articles
are the sole utilization of a Fritsch Pulverisette 7 Premium Line planetary ball mill (varied from
Kupp298, Silveira327, Michalik131, 301, 328, Lee329), Si3N4 vials/balls (varied from Kupp298, Li325, Yang24,
Silveira327, Michalik301, Lee329), the duration of milling (varied from Kupp298, Song326, Michalik131,
301,

Lee329), the additives utilized (varied from Kupp298, Li325, Yang24, Song326, Silveira327,

Michalik131, 301, 328, Lee329), and the use of a microwave for post-sintering (varied from Kupp298,
Li325, Yang24, Song326, Silveira327, Michalik131, 301, 328, Lee329).
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Table 5.1 Condensed view of the mechanochemical experiments conducted herein.
Parameter

Notes

Type of Mill

Planetary Ball Mill (Fritsch Pulverisette 7 Premium Line)

Milling System

Si3N4

Number of balls

9

Size of Balls

10-mm

Revolutions per Minute (RPM)

100, 400, 700

Duration of Milling

12hr
None (dry)
Liquids: 10mL EtOH, 10 mL 5% NaCl in H2O, 10mL 5% Na2EDTA in H2O, 2mL EtOH, 2mL neat 1,2-propanediol, 2 mL H2O,

Additives

2 mL Propanol, 2 mL 5% NaCl in H2O, 2 mL 50% NaCl in H2O,
2 mL 5% Na2-EDTA, 2 mL 5% LiCl in H2O, 5% 1,2 propanediol
in H2O
Solids: NaCl, LiCl, KCl, Sucrose (C12H22O11), Ammonium
Chloride (NH4Cl), Melamine (C3H6N6)

Starting Materials

Y2O3, sintered Al2O3, fine-mesh Al2O3, CeO2
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Preliminary experiments were conducted such that a clearer idea of necessary
parameters could be outlined. This involved the use of 4g precursor material measured out to
the predetermined stoichiometric ratio. Samples were run both without additive (dry) and with
ethanol (10mL). The ethanol additive was chosen due to its frequent use as a dispersing agent.
Necessary reference patterns for these experiments are given in Figure 5.2.
(2) Analysis: Sintered Alumina vs. Fine-mesh Alumina
Two forms of alumina were available in our lab: sintered and fine-mesh (Figure 5.3). As
some previous studies have indicated, size of the precursor material is an important parameter
in deciding the characteristics of the final product following a mechanochemical experiment. 298,
329

Kupp, et al., explored yttria sizes of 5000, 500, 350, 110, and 30 nm and alumina samples of

270 and 90nm while Lee, et al., utilized alumina in sizes of 0.1-0.3 m and yttria ranging from 24 m. Prior to conducting these experiments in our laboratory, it was anticipated that the much
larger sintered alumina samples would not give the desired YAG products. The following section
discusses this in detail.
All samples were milled for 12 hours utilizing Si3N4 milling components and 9 of the 10mm balls with 4g precursor material added prior to milling. In these experiments, the speed of
the planetary ball mill was varied among three speeds: 100 RPM, 400 RPM, and 700 RPM. No
higher RPM value was chosen to mitigate any issues from the “pinning” of the balls to the wall
during the milling process, as will likely be observed at the 1000 RPM chosen in experiments from
other groups. Samples were hand ground in an agate mortar and pestle, after which they were
heat treated using either a preheated furnace or a conventional microwave with a kiln
component to induce phase formation and crystallization. As predicted and as Figure 5.4
indicates, the usage of sintered alumina in the precursor material resulted in PXRD patterns with
mixed phases. In the samples formed using the sintered alumina precursor, peaks indicative of
the YAM and YAP phases are likely apparent with precursor peaks appearing to persist even at
higher mill speeds. When the fine alumina precursor material was utilized, the changes towards
the YAG phase became much more apparent, especially at higher milling speeds. PXRD patterns
for the experiments using the fine-mesh precursor are given in Figure 5.5.
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Figure 5.2 Reference XRD patterns for the materials utilized in this study obtained using the
X’Pert Highscore Plus program and accompanying database. Identification of phases is of
utmost importance in this study, so proper knowledge of references was necessary.
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Figure 5.3 (Left) Sintered and (Right) Fine-mesh Alumina utilized in these experiments.
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Based on these results, it was determined that the milling conditions should be 12 hours
using 9 of the 10-mm balls at 700 RPM in the Si3N4 system using stoichiometrically mixed oxides
to obtain the YAG phase selectively.
(3) Analysis: Heat Treatment Methods
Following inspiration from the work by Michalik, et al.131, various temperatures were used
in the heat treatment of the produced powders. These authors analyzed phase progression using
variations in sintering temperatures ranging from 900-1300°C. For the purposes of this study and
as already illustrated in Figures 5.4 and 5.5, sintering was conducted using 900°C for 1 hour,
1100°C for 1 hour, or microwave sintering for 7-10 minutes using the microwavable kiln discussed
in Chapter 2. This latter microwave approach has shown similar advantageous effects for the
promotion of crystalline phases at much shorter times than those necessary for conventional
sintering and, for these experiments, gave results very similar to those obtained after one hour
in a 1100°C furnace. Although the duration of time in the microwave was originally 10 min, for
longevity of the microwave kiln, this time was shortened to 7 min with negligible change to the
PXRD patterns following the sintering step.
As observed in the aforementioned patterns, advantageous results towards the
formation of the YAG:Ce phase were obtained using a microwave. Compared to the heat
treatments using 900°C and 1100°C preheated furnaces, the sintering was achieved at much
short times. Therefore, for the duration of this study, microwave sintering was chosen as the
preferred heat treatment approach.
(4) Analysis: Usage of Liquid Diluents
In these preliminary experiments, it appeared pertinent to examine the effects of ethanol
to the system due to its known usage as a dispersing agent and, as mentioned in the introduction,
liquid-assisted grinding has become a promising avenue for the size control of materials via
planetary ball mill.131, 298, 301, 325-326, 328 Several other liquid diluents were investigated based on
their presumed advantages (common solvent, potential complexing agent, minimal hazards). The
chosen liquid diluents are given in Table 5.2.
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Figure 5.4 PXRD patterns from samples obtained by milling stoichiometrically mixed YAG:Ce
precursors at varying speeds (100, 400, and 700 RPM) for 12 hrs using Si3N4 mill components
and nine of the 10-mm balls and no diluent additives. All samples were heat-treated (900°C
for 1 hr, 1100°C for 1 hr, or microwaved for 7-10min using the method given in Chapter 2). In
these samples, sintered alumina was used as a starting material. Consistently, when the
sintered alumina is used, peaks indicative of the starting materials, dominantly Y 2O3, are
present regardless of the milling speed used. However, as higher speeds are utilized, some
transformations begin to occur. Several dominant peaks are labeled to indicate the presence
of precursor materials (*), presence of YAP (), or presence of YAM (ᴥ).

132

Figure 5.5 PXRD patterns from samples obtained by milling stoichiometrically mixed YAG:Ce
precursors at varying speeds (100, 400, and 700 RPM) for 12 hrs using Si3N4 mill components
and nine of the 10-mm balls and no diluent additives. All samples were heat-treated (900°C
for 1 hr, 1100°C for 1 hr, or microwaved for 7-10min using the method given in Chapter 2). In
these samples, fine-mesh alumina was used as a starting material. While samples milled at
100 RPM showed very little variation from the starting materials, milling at higher speeds led
to the appearance of the YAG phase. Several dominant peaks are labeled to indicate the
presence of precursor materials (*), presence of YAP (), presence of YAM (ᴥ), or presence of
YAG (•).
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Focusing on the syntheses involving the fine-mesh alumina which, according to the
previous analyses conducted herein, had shown more advantageous results for the production
of YAG:Ce, several PXRD patterns were collected. Initially, 10mL of ethanol was used as a
dispersing agent. However, as seen in Figure 5.6, this much liquid appeared to illustrate more of
a “padding effect” and seemingly prevented promotion of the YAG:Ce phase. From this, it was
assumed that 10 mL may be flooding the system. Therefore, the total amount of liquid was
reduced to 2 mL. This amount allowed for some dispersing properties as liquid was still present
after milling, but this residual liquid was readily evaporated post-milling utilizing a conventional
oven between approximately 40-60°C. Figure 5.7 compares the dry sample using the previously
established parameters and the two ethanol samples (2mL vs. 10mL).
To examine the effects of 2mL vs. 10mL of another liquid diluent, disodium
ethylenediaminetetraacetic acid (Na2-EDTA) was used. While the EtOH is a common solvent and
was utilized due to its ready availability, Na2-EDTA was chosen in this second study due to its
noted ability as a surfactant and complexing agent. The results of PXRD analysis are shown in
Figure 5.8. As can be observed, the patterns generally show the development of the YAG:Ce
phase, but, in this case, the 2mL additive showed a contamination peak at approximately 29 2θ
(°). Based on its location, this peak may potentially be attributed to contamination induced by
Si3N4 degradation from the milling components.
Continuing the usage of 2mL liquid diluent with all other parameters remaining the same,
additional PXRDs were collected for the various other liquid diluents and are presented in Figure
5.9. Many of the liquids chosen provided advantageous formation of the YAG:Ce garnet phase
with minimal contamination from other species. The primary exception to this study was the neat
3-methoxy-1,2-propanediol.
Discussion and interpretation of the PXRD patterns obtained in this portion of the analysis
can be found in Table 5.3. While several of the liquids resulted in primarily garnet phase
formation, the crystallite sizes indicated minimal deviation from those obtained from the dry
sample. A possible explanation for samples with higher crystallite sizes is the possibility of
recrystallization in the liquid diluent as the solvent is evaporating. Future experiments may want
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Table 5.2 Liquid diluents explored in this study. All samples utilized the fine Al2O3 precursor.
Diluent Description

Approximate
Cost**

Motivation Behind Selection

Structure (for
Complexation)

None (dry), fine Al2O3

-

-

-

10mL EtOH, fine Al2O3

-

Commonly used dispersing agent

-

10mL 5% NaCl in H2O

$76/1kg (NaCl)

10mL 5% Na2-EDTA in
H2O Ɨ
2mL EtOH
2mL 3-methoxy 1,2
propanediol (neat)
2mL DI H2O
2mL 2-propanol

-

Common solvent and commonly
used diluent
Common solvent and potential
complexing agent

-

-

$1105/2.5L (EtOH)

Commonly used dispersing agent

-

Potential complexing agent

-

Common solvent

-

Common solvent

-

$87/2.5L (2propanol)

Common solvent and commonly

-

2mL 5% NaCl in H2O

$76/1kg (NaCl)

2mL 5% Na2-EDTA in

$172/1kg (Na2-

Common solvent and potential

EDTA)

complexing agent

-

Common solvent

-

2mL 2-propanol (IPA)

$87/2.5L

Common solvent

-

2mL 5% NaCl in H2O

$76/1kg (NaCl)

H2O
2mL DI H2O

2mL 5% Na2-EDTA in
H2O

2mL 5% LiCl in H2O
2mL 5% 3-methoxy 1,2
propanediol in H2O
**Obtained
Ɨ

-

$212/1kg (LiCl)

-

used diluent

Common solvent and commonly
used diluent

-

-

Common solvent and potential
complexing agent
Common solvent and commonly
used diluent

-

Common solvent and potential
complexing agent

from commercial suppliers for roughly consistent quantities.

Disodium ethylenediaminetetraacetate dihydrate (Na2-EDTA) was utilized.
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Figure 5.6 PXRD patterns from samples obtained by milling stoichiometrically mixed YAG:Ce
precursors at varying speeds (100, 400, and 700 RPM) for 12 hrs using Si3N4 mill components
and nine of the 10-mm balls and 10mL EtOH as a liquid diluent. All samples were heat-treated
(900°C for 1 hr, 1100°C for 1 hr, or microwaved for 7-10min using the method given in
Chapter 2). In these samples, fine-mesh alumina was used as a starting material. When
compared to the reference patterns, a significant portion of Y2O3 precursor is present in all
samples with only a few deviations towards the YAM and YAP phases. Several dominant
peaks are labeled to indicate the presence of precursor materials (*), presence of YAP (), or
presence of YAM (ᴥ).
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Figure 5.7 PXRD patterns of the samples obtained using a Si3N4 planetary ball mill system,
700 RPM speed, and nine of the 10mm balls. Samples analyzed were: (a) dry (no diluent
additive in the system), (b) had 10mL of EtOH added to the system, or (c) had 2mL EtOH
added to the system. Several dominant peaks are labeled to indicate the presence of
precursor materials (*) or presence of YAG (•).
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Figure 5.8 PXRD patterns of the samples obtained using a Si3N4 planetary ball mill system, 700
RPM speed, and nine of the 10mm balls. Samples analyzed were: (a) dry (no diluent additive
in the system), (b) had 10mL of disodium EDTA added to the system, or (c) had 2mL disodium
EDTA added to the system. Several dominant peaks are labeled to indicate the presence of
YAP (), presence of YAM (ᴥ), or presence of YAG (•).
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Figure 5.9 PXRD patterns of samples obtained under the parameters of 700 RPM, nine of the
10-mm balls, and Si3N4 system in a planetary ball mill using various liquid diluents. Several
dominant peaks are labeled to indicate the presence of precursor materials (*) or presence of
YAG (•).
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to focus on quantity control and comparison based on ability to recrystallize in solution.
(5) Analysis: Usage of Solid Diluents
As discussed in the introductory section, various literature sources have indicated that
diluent additives could be advantageous for the size control production of materials, but research
in this is oftentimes piecemeal. While the previous section focused on the use of liquid diluents,
it was pertinent to investigate the effects of solid diluents in a mechanochemical system as well.
Diluents of interest are provided in Table 5.4. These diluents were chosen based on their previous
usage found in the literature, common availability, potential as a complexing agent, solubility
(ease of removal), and/or the similarities to other diluents and therefore their potential usage as
a novel diluent. As indicated in the introduction, NaCl has been utilized as a diluent material.31,
312, 314

Similarly, LiCl can be viewed as a potential candidate for usage in this study due to its

common availability and similarly inert nature.
Table 5.5 and Figure 5.10 illustrate the results obtained from PXRD analysis of the
samples. Several of these samples yielded the garnet phase after microwave sintering for
approximately 7-10 minutes, but some of the samples had signs of possible phase contamination.
While this contamination could be attributed to presence of the YAM and/or YAP phases, an
analysis in the later portions of this chapter will investigate the possibility of intercalation of
diluent species into the products themselves.
While some solid diluents chosen where investigated primarily for their common
availability (NaCl, LiCl, KCl), others were investigated based on the assumption that they would
be easier to remove. For example, sucrose was chosen as it can be viewed as a potential diluent
additive which could be easily removed upon sintering. However, upon milling, the sucrose
appeared to exhibit some caramelization, ultimately leading to difficulty in its removal from the
mill. While this color change likely indicated the presence of carbonaceous residue, sintering in
the microwave led to the removal of the carbonaceous residue (generally by way of gasification
processes). Melamine, an organic additive, gave very promising crystallite size results compared
to the sample with no additive.
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Table 5.3 Results from the as milled and sintered samples of ball mill liquid diluent studies.
Where applicable (e.g. when the dominant phase is YAG), Scherrer calculated crystallite sizes
are provided.
Results? *

Diluent

As milled: largely amorphous material
None (dry), fine Al2O3

1100°C: YAG (D=21.2 nm, 25.7 nm avg)
MW 7 m: YAG (D=26.0 nm, 30.2 nm avg), with possible YAM at ~29

10 mL EtOH, fine Al2O3

As milled: starting materials (Y2O3/Al2O3)
MW 7 m: starting materials with YAP/YAM formation

10 mL 5% NaCl in H2O

MW 10 m: YAG (D=33.9 nm, 21.8 nm avg), with possible YAM at ~29

10 mL 5% Na2-EDTA in
H2O

MW 7 m: YAG (D=28.2 nm, 32.0 nm avg) with contamination or
possible intercalation

2 mL EtOH

MW 7 m: YAG mostly (D=30.9 nm, 24.1 nm avg), with YAM/YAP
contaminant

2 mL 3-methoxy 1,2
propanediol (neat)

MW 7 m: mixture of phases (YAM and YAP mostly) with starting
materials

2 mL H2O

MW 7 m: YAG (D=28.2 nm, 22.4 nm avg)

2 mL propanol

MW 7 m: YAG (D=30.9 nm, 17.2 nm avg)

2 mL 5% NaCl in H2O

MW 7 m: YAG (D=18.8 nm, 14.8 nm avg)

2 mL 5% Na2-EDTA in
H2O

MW 7 m: YAG (D=15.4 nm, 17.6 nm avg), smaller contamination
than the larger volume

2 mL 5% LiCl in H2O

MW 7 m: YAG (D=21.2 nm, 24.6 nm avg), with possible YAM or
intercalation ~29

2 mL 5% 1,2
propanediol in H2O

MW 7 m: YAG, YAM/YAP contamination

*In these experiments, “D” refers to the Scherrer-calculated crystallite size. As labeled in the table, D=XX refers to the crystallite

size as obtained by the main highest, non-overlapping peak while the average value explored the average crystallite size
obtained by several dominant, non-overlapping peaks.
ƗAssuming

the chosen optimal synthesis parameters for the production of the YAG phase: Si 3N4 system, 9 x 10-mm balls, 4g

precursor, 700 RPM, MW sintering.
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Table 5.4 Solid diluents explored in this study. All samples utilized the fine Al2O3 precursor.
Diluent
Description

Approximate Cost**

Motivation Behind Selection

NaCl

$76/1kg

Common diluent, readily available, water soluble

LiCl

$212/1kg

Common diluent, readily available, water soluble

KCl

$157/1kg

Potential diluent, readily available, water soluble

NaOAc

$77/1kg

Potential diluent/selective templating agent, readily
available, water soluble

NaSCN

$358/1kg

Potential diluent/selective templating agent, readily
available, water soluble

NH4Cl

$85/1kg

Potential diluent, readily available, water soluble

Melamine

$34/1kg

Potential diluent, robust organic (likely to stay
present during milling, but readily leave during the
sintering treatment)

Sucrose

$83/1kg

Potential diluent, readily available

**Obtained

from commercial suppliers for roughly consistent quantities.
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Table 5.5 Results from the as milled and sintered samples of ball mill diluent studies. Where
applicable (e.g. when the dominant phase is YAG), Scherrer calculated crystallite sizes are
provided.
Results?*,Ɨ

Diluent

As milled: largely amorphous material
None (dry), fine Al2O3

1100°C: YAG (D=21.2 nm, 25.7 nm avg)
MW 7 m: YAG (D=26.0 nm, 30.2 nm avg), with possible YAM at ~29
As milled: largely amorphous, possibly some YAG peaks

~0.1 g NaCl

MW 7m: YAG (D=24.2 nm, 20.5 nm avg), with possible intercalation
or YAM phases

~0.1 g LiCl

~0.1 g KCl

As milled: largely amorphous, possibly some YAG peaks
MW 7m: YAG (D=21.2 nm, 20.2 nm avg)
As milled: largely amorphous material
MW 7m: mixture of phases, possible intercalation
As milled: largely amorphous material

~0.1 g NH4Cl

MW 7m: YAG (D=24.2 nm, 24.1 nm avg), with possible intercalation
or YAM indicated by one peak ~29

~0.1 g Sucrose

~0.1 g Melamine

As milled: largely amorphous material
MW 7m: YAG (D=28.2 nm, 33.7 nm avg) with possible YAM/YAP peaks
As milled: largely amorphous material
MW 7m: YAG (D=18.8 nm, 20.7 nm avg)

*In these experiments, “D” refers to the Scherrer-calculated crystallite size. As labeled in the table, D=XX refers to the crystallite

size as obtained by the main highest, non-overlapping peak while the average value explored the average crystallite size
obtained by several dominant, non-overlapping peaks.
ƗAssuming

the chosen optimal synthesis parameters for the production of the YAG phase: Si 3N4 system, 9 x 10-mm balls, 4g

precursor, 700 RPM, MW sintering.
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Figure 5.10 PXRD patterns of samples obtained under the parameters of 700 RPM, nine of the
10-mm balls, and Si3N4 system in a planetary ball mill using various solid diluents. Several
dominant peaks are labeled to indicate the presence of precursor materials (*) or presence of
YAG (•).
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(6) Analysis: Particle Size vs. Crystallite Size
Some samples from the above analysis were chosen for SEM investigation: (1) the YAG:Ce
sample produced via ball milling with no additive, (2) YAG:Ce + 2mL EtOH, (3) YAG:Ce + 2mL H2O,
(4) YAG:Ce + 0.1g NaCl (no wash), (5) YAG:Ce + 0.1g LiCl (no wash), (6) YAG:Ce + 0.1g KCl (no
wash), (7) YAG:Ce + 0.1g sucrose (no wash), and (8) YAG:Ce + 0.1g melamine (no wash). Results
of these studies are shown in Figure 5.11-5.18. Morphologically speaking, the ethanol and water
samples looked very similar to that with no diluent additive, likely as a result of recrystallization
phenomena occurring during the drying process. The SEM images of YAG:Ce samples with NaCl,
LiCl, and KCl diluent additives all appear to show welded spheres in the 300 nm scale figures but,
as evident in the 100 nm scale figures, KCl still shows some structures not spherical in nature. In
the sucrose sample, much larger hard agglomerates with jagged morphological features are
evident. When this sucrose sample was run in the mill, a distinct color change occurred from the
white precursor powders to a tan/brown which may be attributed to the sucrose burning at the
nano-hotspots. Much like burnt sugar encountered while making candy, this burnt sucrose was
difficult to remove from the milling components. Therefore, it stands to reason that the SEM
images may reflect hard agglomerates resulting from burnt sugar.
From the SEM images, the melamine diluent additive appeared to give the most
promising results. The melamine sample also shows the formation of sphere-like structures but
with much finer pore-like structures present throughout the sample. The SEM images illustrate
that the hard agglomerates are must less apparent (and the particle sizes much smaller) than
many other samples obtained. Further, the melamine additive should be readily removed upon
application of sintering temperatures. This shows that melamine could be a very promising
material to pursue for future diluent studies.
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Figure 5.11 SEM images of the samples obtained under the parameters of 700 RPM, nine of the 10-mm balls, and Si3N4 system in a
planetary ball mill using no diluent. Samples were microwave sintered following reaction.
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Figure 5.12 SEM images of the samples obtained under the parameters of 700 RPM, nine of the 10-mm balls, and Si3N4
system in a planetary ball mill using 2mL ethanol as a liquid diluent. Samples were microwave sintered following reaction.
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Figure 5.13 SEM images of the samples obtained under the parameters of 700 RPM, nine of the 10-mm balls, and Si3N4 system in
a planetary ball mill using 2mL water as a liquid diluent. Samples were microwave sintered following reaction.
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Figure 5.14 SEM images of the samples obtained under the parameters of 700 RPM, nine of the 10-mm balls, and Si3N4 system in a
planetary ball mill using 0.1g NaCl as a solid diluent (no wash). Samples were microwave sintered following reaction.
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Figure 5.15 SEM images of the samples obtained under the parameters of 700 RPM, nine of the 10-mm balls, and Si3N4 system in a
planetary ball mill using 0.1g LiCl as a solid diluent (no wash). Samples were microwave sintered following reaction.
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Figure 5.16 SEM images of the samples obtained under the parameters of 700 RPM, nine of the 10-mm balls, and Si3N4 system in a
planetary ball mill using 0.1g KCl as a solid diluent (no wash). Samples were microwave sintered following reaction.
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Figure 5.17 SEM images of the samples obtained under the parameters of 700 RPM, nine of the 10-mm balls, and Si3N4 system in a
planetary ball mill using 0.1g sucrose as a solid diluent (no wash). Samples were microwave sintered following reaction.
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Figure 5.18 SEM images of the samples obtained under the parameters of 700 RPM, nine of the 10-mm balls, and Si3N4 system
in a planetary ball mill using 0.1g melamine as a solid diluent (no wash). Samples were microwave sintered following reaction.
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5.3.2 Solution Combustion
(1) Analysis: Fuel Type Variations
As discussed briefly in Chapters 3 and 4, there are several potential fuels that either have
been or could be utilized for the SCS approach. However, there are several key features which
determine an ideal fuel, including: (1) water solubility, (2) low ignition temperature, (3)
controllable reaction (i.e. not explosive), (4) evolution of low molecular weight gases (ideally
harmless), (5) yield minimal residual mass, and (6) be readily available and easy to prepare.66, 205
The chosen fuel can have a notable effect on the resulting material. Some work has been
conducted from previous researchers concerning the solution combustion formation of YAG,
either doped or undoped, but these studies largely focus on the usage of common materials such
as glycine, urea, glucose, and soluble starch.65, 209
In the research presented in this chapter, several fuels were utilized, including
hydroxylamine, citric acid, glycine, urea, hexamine, and cyanuric acid (a variant of urea).
Information regarding these fuels may be found in Table 5.6. During the solution combustion
process performed herein, precursor materials are mixed together and heated, after which an
oxide powder ideally results. The PXRD patterns of these various fuels after sintering in a
microwave oven as previously described for approximately 7 minutes are given in Figure 5.19. As
can be observed, the dominant phase in the patterns appears to be that of the desired garnet,
with the only exception coming from the hexamine sample. When hexamine was utilized,
contamination from the hexagonal YAP phase appeared to be present.
After PXRD confirmation of phase formation, the samples were analyzed using SEM for
morphological studies. The images collected are shown in Figures 5.20-5.27. As can be seen from
these images, various fuels result in oxides of different structures with various pore sizes and
configurations. For example, glycine generally appears to produce products with very finegrained agglomerates while urea produces sheets with very little grain definition. Many fuels
produce materials with pore structures, likely from the gas evolution process during reaction. It
is evident in all fuels on the nanometer scale (~200 nm) that fine particles are produced but show
evidence of hard agglomerate formation.
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Table 5.6 Fuels utilized for the production of YAG:Ce in this study. All fuels were added in their
solid form.
Fuel

Approximate Cost**

Citric Acid (C6H8O7)

$227/1kg

Cyanuric Acid (C3H3N3O3)

$96/1kg

Glycine (C2H5NO2)*

$85/1kg

Hexamine (C6H12N4)

$44/1kg

Hydroxylamine (NH2OH)*

$120/1kg

Urea (CH4N2O)

$44/1kg

*

Structure

For the purposes of this study, hydroxylamine and glycine were attempted twice using two different bottles, one

more established/well-utilized version and one new/never used version. Both fuels had exhibited a hygroscopic
tendency in their established forms, so comparison was of interest.
**

Obtained from commercial suppliers for roughly consistent quantities.
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Figure 5.19 Effect of variations in fuel chosen to produce the YAG:Ce material on the obtained
normalized PXRD patterns. All fuels were held at a 1:1 metal:fuel ratio. Samples were
prepared in an evaporating dish and allowed to homogenize for a short duration of time in a
40°C oven. These samples were then placed in a preheated 500°C furnace for 10 minutes,
during which time a vigorous reaction occurred, generally resulting in a fine powdered
sample. Samples were allowed to cool, after which they were ground in an agate mortar and
pestle. A small sample of the batch material was then microwave sintered for approximately 7
minutes to induce crystallinity. Several dominant peaks are labeled to indicate the presence of
YAP () or presence of YAG (•).
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Figure 5.20 SEM images of the samples following combustion reactions utilizing citric acid as a fuel. Reactions
were completed in a 500°C preheated oven and microwave sintered following reaction.
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Figure 5.21 SEM images of the samples following combustion reactions utilizing cyanuric acid as a fuel. Reactions were
completed in a 500°C preheated oven and microwave sintered following reaction.
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Figure 5.22 SEM images of the samples following combustion reactions utilizing glycine (older batch) as a fuel.
Reactions were completed in a 500°C preheated oven and microwave sintered following reaction.
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Figure 5.23 SEM images of the samples following combustion reactions utilizing glycine (newer batch) as a fuel. Reactions were
completed in a 500°C preheated oven and microwave sintered following reaction.

160

Figure 5.24 SEM images of the samples following combustion reactions utilizing hexamine as a fuel. Reactions were completed in
a 500°C preheated oven and microwave sintered following reaction.
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Figure 5.25 SEM images of the samples following combustion reactions utilizing hydroxylamine (older batch) as a fuel. Reactions
were completed in a 500°C preheated oven and microwave sintered following reaction.
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Figure 5.26 SEM images of the samples following combustion reactions utilizing hydroxylamine (newer batch) as a fuel.
Reactions were completed in a 500°C preheated oven and microwave sintered following reaction.
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Figure 5.27 SEM images of the samples following combustion reactions utilizing urea as a fuel. Reactions were completed in a
500°C preheated oven and microwave sintered following reaction.
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(2) Analysis: Usage of Solid Diluents
Various diluents and fuels were utilized at an attempt at diluent-assisted solution
combustion synthesis. To mirror the experiments conducted in the ball mill, several of the same
solid diluents were utilized, including: NaCl, LiCl, KCl, NH4Cl, and melamine.
Experiments were conducted using a 1:1 metal:fuel ratio and, where applicable, a 1:0.5
metal:diluent ratio. Samples were prepared in an evaporating dish and allowed to homogenize
for a short duration of time in a 40°C oven. These samples were then placed in a preheated 500°C
furnace for 10 minutes, during which time a vigorous reaction occurred, generally resulting in a
fine, powdered sample. Samples were allowed to cool, after which they were ground in an agate
mortar and pestle. A small sample of the batch material was then microwave sintered for
approximately 7 minutes to induce crystallinity. Using hydroxylamine as the chosen fuel, results
were obtained and the PXRD analysis is presented in Figure 5.28. Discussion of results is given in
Table 5.7.
Additional solid diluents were chosen based on the idea that adding salts of a given
structure may act as templating agents to the samples being produced, essentially with the
intention of selectively producing YAM, YAP, and YAG. The chosen salts for this portion of the
study included NaCl (cubic), NaC2H3O2 (monoclinic), and NaSCN (orthorhombic) which were
meant to selectively induce the production of YAG (cubic), YAM (monoclinic), and YAP
(orthorhombic), respectively. Various amounts of these diluents were added to the precursors.
PXRD patterns of the obtained samples prior to washing are given in Figure 5.29. Glycine and
cyanuric acid were two other fuels were used in this portion of the study. Their results are
presented in Figure 5.30 (glycine) and Figure 5.31 (cyanuric acid). The aforementioned precursor
ratio stoichiometrically mixed for the formation of YAG was used in this portion of the study, but
it was evident that the addition of the diluent phase in all fuel systems was affecting the resulting
powder. Table 5.8 compares the results of the various fuels with the diluents at a 1 to 0.5
metal:fuel ratio.
Interestingly, even though the anticipated results would have shown sodium acetate
inducing the YAM phase, observed results indicated that the YAP phase was induced through the
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Figure 5.28 PXRD patterns illustrating the effect of various diluents on the production of
YAG:Ce using hydroxylamine as fuel and approximately 1 to 0.5 of metal to diluent additive.
Precursors added were mixed in accordance with the YAG ratio mentioned previously.
Samples were labeled according to their resemblance to the YAG (•), YAP (), and YAM (ᴥ)
phases.

166

Table 5.7 Discussion of PXRD results from the diluent-assisted SCS studies using hydroxylamine
as fuel.
Results?*, Ɨ

Diluent
No diluent

YAG (D=30.9 nm)

1 to 0.5 NaCl

YAP with secondary species

1 to 0.5 LiCl

YAG with secondary species (D=24.2 nm, 23.2 nm avg)

1 to 0.5 KCl

YAP with secondary species

1 to 0.5 NH4Cl

YAG (D=21.2 nm, 21.7 nm avg)

1 to 0.5 Melamine

YAG (D=24.2 nm, 22.4 nm avg)

1 to 0.5 NaOAc

YAP with secondary species

1 to 0.5 NaSCN

YAG with secondary species (D=28.2 nm, 24.6 nm avg)

0.1g NaCl

YAG (D=21.2 nm, 23.4 nm avg)

0.1g NaOAc

YAG (D=33.9 nm, 32.8 nm avg)

0.1g NaSCN

YAP with secondary species

*In these experiments, “D” refers to the Scherrer-calculated crystallite size. As labeled in the table, D=XX refers to the crystallite

size as obtained by the main highest, non-overlapping peak while the average value explored the average crystallite size
obtained by several dominant, non-overlapping peaks.
ƗThese

results were obtained using a 1:1 metal to fuel ratio with hydroxylamine as the chosen fuel. Samples were prepared in

an evaporating dish and allowed to homogenize for a short duration of time in a 40°C oven. These samples were then placed
in a preheated 500°C furnace for 10 minutes, during which time a vigorous reaction occurred, generally resulting in a fine
powdered sample. Samples were allowed to cool, after which they were ground in an agate mortar and pestle. A small sample
of the batch material was then microwave sintered for approximately 7 minutes to induce crystallinity.
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Figure 5.29 PXRD patterns illustrating the effect of various diluents on the selective
production of YAG, YAP, or YAM using hydroxylamine as a fuel. Precursors added were mixed
in accordance with the YAG ratio mentioned previously. Several peaks can likely be attributed
to potential intercalation of species or side products (likely an aluminate species). Samples
were labeled according to their resemblance to the YAG (•) and YAP ().
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Figure 5.30 PXRD patterns illustrating the effect of various diluents on the selective
production of YAG, YAP, or YAM using glycine as a fuel. Precursors added were mixed in
accordance with the YAG:Ce ratio mentioned previously. Several peaks can likely be attributed
to potential intercalation of species or side products (likely an aluminate species). Samples
were labeled according to their resemblance to the YAG (•) and YAP ().
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Figure 5.31 PXRD patterns illustrating the effect of various diluents on the selective
production of YAG, YAP, or YAM using cyanuric acid as a fuel. Precursors added were mixed in
accordance with the YAG:Ce ratio mentioned previously. Several peaks can likely be attributed
to potential intercalation of species or side products (likely an aluminate species). Samples
were labeled according to their resemblance to the YAG (•), YAP (), and possible YAM (ᴥ)
references.
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Table 5.8 Comparison of results obtained attempting the selective formation of YAG, YAP, and
YAM using a YAG stoichiometric ratio. The phases listed are the apparent dominant phases
present in the respective PXRD patterns.
Fuel
Diluent
Hydroxylamine

Glycine

Cyanuric Acid

YAG

YAG

YAG (possible YAP peaks
accompanying)

NaCl

Hexagonal YAP (with
some Orthorhombic
YAP)

YAG

Hexagonal YAP (with
some Orthorhombic
YAP)

NaOAc

Hexagonal YAP (with
some Orthorhombic
YAP)

Hexagonal YAP (with
some Orthorhombic
YAP)

Hexagonal YAP (with
some Orthorhombic
YAP)

NaSCN

YAG

YAG (possible YAP peaks
accompanying)

YAG

No Diluent

*Using

a 1:0.5 metal:diluent ratio and a 1:1 metal:fuel ratio. As previously described, all reactions were completed in a
preheated furnace (500°C). After allowing to react for approximately 10 minutes, the samples were collected and microwave
sintered for 7 minutes.
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usage of this salt regardless of fuel type. Based on these results, and finding that aluminum
presence may be sequestering some of the acetate anion resulting in potential stoichiometric
variation330-331, usage of this material may be best described as an energy sink; essentially, this
diluent, as was described for mechanochemical reactions, is decreasing the overall energy
generation, decreasing the reaction rate, and impeding the rate of reaction, thereby using up
available energy for decomposition and leading to the formation of the YAP phase instead of the
anticipated YAG (based on stoichiometry) or YAM (based on crystal structure).314 The YAM phase
can no longer form based on the decomposition of the supposed templating agent, and the YAG
cannot form because the available energy has diminished significantly from the presence of the
energy sink.
NaSCN, on the other hand, likely decomposes upon application of heat and therefore
likely contributed very little to any selective phase formation.
(3) Analysis: Particle Size vs. Crystallite Size
Some samples from the above analysis were chosen for SEM analysis: (1) hydroxylamine
with NaCl diluent (no wash), (2) hydroxylamine with LiCl diluent (no wash), (3) hydroxylamine
with KCl diluent (no wash), (4) hydroxylamine with NaCl diluent (washed 4x), (5) hydroxylamine
with LiCl diluent (washed 4x), (6) hydroxylamine with KCl diluent (washed 4x), (7) hydroxylamine
with NaOAc diluent (no wash), and (8) hydroxylamine with NaSCN diluent (no wash). All samples
were produced using a 1:1 hydroxylamine fuel ratio and 1:0.5 diluent ratio, where applicable.
Collected images are given in Figure 5.32-5.37. It is evident that there are other morphological
contributions likely caused by the addition of a larger amount of diluent additive.
5.3.3 Ball Mill and SCS Intercalation Studies
(1) Analysis: Intercalation Studies
While some PXRD results have already been presented on the samples following diluent
addition and have indicated the possibility of intercalation, a more detailed verification study
required wash studies as well as analysis by ICP-OES. Through first washing the samples then
analyzing again by PXRD and ICP-OES, we can definitively answer if there is persisting diluent
intercalated into the structure.
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Figure 5.32 SEM images of the diluent-assisted samples following combustion reactions utilizing hydroxylamine as a fuel and NaCl
as the chosen diluent (1:0.5 ratio) with no wash conducted. Reactions were completed in a 500°C preheated oven and microwave
sintered following reaction.
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Figure 5.33 SEM images of the diluent-assisted samples following combustion reactions utilizing hydroxylamine as a fuel and LiCl
as the chosen diluent (1:0.5 ratio) with no wash conducted. Reactions were completed in a 500°C preheated oven and microwave
sintered following reaction.
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Figure 5.34 SEM images of the diluent-assisted samples following combustion reactions utilizing hydroxylamine as a fuel and KCl
as the chosen diluent (1:0.5 ratio) with no wash conducted. Reactions were completed in a 500°C preheated oven and microwave
sintered following reaction.
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a)

b)

c)

Figure 5.35 SEM images of the diluent-assisted samples following combustion reactions
utilizing hydroxylamine as a fuel following several washes. Reactions were completed in a
500°C preheated oven and microwave sintered following reaction.
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Figure 5.36 SEM images of the diluent-assisted samples following combustion reactions utilizing hydroxylamine as a fuel and
NaOAc as the chosen diluent (1:0.5 ratio) with no wash conducted. Reactions were completed in a 500°C preheated oven and
microwave sintered following reaction.
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Figure 5.37 SEM images of the diluent-assisted samples following combustion reactions utilizing hydroxylamine as a fuel and
NaSCN as the chosen diluent (1:0.5 ratio) with no wash conducted. Reactions were completed in a 500°C preheated oven and
microwave sintered following reaction.
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In the investigation of the salt-based diluents (as they showed the most drastic PXRD
changes), one potential answer to this intercalation is that the NaCl, being of cubic structure, is
a very good intercalating agent in cubic garnet structures. This is an important question to answer
because, as was indicated in the introductory materials, NaCl is a commonly used diluent agent
with no true discussion of this phenomenon seeming to exist in current literature. Samples were
washed according to the general method as follows:
•

Separation of a portion of solid sample with diluent additive (generally ~0.5 g) into a
plastic centrifuge tube;

•

Addition of pure H2O (necessary for optimal ICP analysis), 10mL;

•

Manual shaking of the centrifuge tube;

•

Perturbing of the solution using an ultrasonic probe for a short duration of time. Through
cavitation, the samples are broken apart and heated;

•

Manual shaking of the centrifuge tube, then shaking using a benchtop laboratory shaker
device;

•

Centrifuged samples for approximately 8 minutes, sometimes longer if necessary. All solid
must be centrifuged down or the ICP lines could clog during analysis;

•

Collected supernatant solution and transferred to 50mL volumetric. Diluted to the
marked line with dilute nitric acid. Manually shaken.

Further washes were carried out in a similar fashion using the solid remaining after the collection
of the supernatant from the samples.
ICP analysis was then carried out using standards of Na, Li, and K, the commonly used
sample exhibiting signs of alteration in the PXRD studies. Three wavelengths from each species
were originally chosen but had to be simplified after calibration yielded unfruitful results. The
final wavelengths utilized were a combination of Na (588.995 nm), Na (589.592 nm), Li (610.365
nm), Li (670.783 nm), K (766.491 nm), and K (769.897 nm). This was done based on their ability
to perform calibration providing a correlation coefficient of at least 4N consistency. The samples
with diluent additive gave positive results following the initial wash for the respective species
anticipated (i.e. samples with NaCl gave positive results for Na presence). In this qualitative test,
it was important to see a notable decrease in the presence of these species such that it could be
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assumed negligible amounts remain, theoretically yielding solid species without the residual salt
matrix. It was determined that after approximately four washes, largely negligible amounts of
residual salt existed in the samples with the largest initial presence (SCS samples). The samples
obtained from ball mill studies could likely be considered negligible after 3 washes, while those
from the SCS study with larger amounts of diluent needed 4 washes to remove excess diluent.
Discussion of results is presented in Table 5.9, which further helped distinguish the number of
washes necessary to assume negligible contamination from loose diluent additive.
Following the successive washes, the remaining solid was collected and allowed to dry. It
was assumed that, if the diluent was not removed during this time, it was likely intercalated into
the structure of the sample. To further verify this statement, PXRD analyses were conducted once
more to investigate the patterns of the washed samples. As before, the samples were
microwaved 7 minutes to promote crystallinity. The patterns for the samples are given in Figure
5.38 and 5.39 for ball milled samples and solution combustion samples, respectively.
It appears that the diluent phase is preventing the evolution of YAG alone in the obtained
patterns prior to wash. In fact, after comparing to reference patterns, it appeared that some
peaks could be attributed to various aluminate forms of the salts. Following several washes, many
of the patterns showed the selective formation of YAG. However, there was one main exception
to this: the LiCl diluent samples. In keeping with the idea that aluminate salts were being formed,
this would make logical sense; while sodium and potassium aluminate salts are soluble in water,
lithium aluminate salts have been found to be insoluble in water.332 Therefore, even after the
excessive washing conducted, it would make sense that contamination may still likely be present
if lithium aluminate forms were present.
(2) Analysis: FTIR Exploration for Intercalation
FTIR analyses have been utilized in studies investigating experimental transitions, such as
to investigate the effects of sintering on an as-prepared product.40 In the investigations
conducted herein, FTIR was utilized to investigate successful transformation to the oxides and
presence of secondary species. Figure 5.40 presents the spectrum of the SCS sample utilizing
hydroxylamine as a fuel and no diluent additive. Figure 5.41-5.43 portray a series of spectra from
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Table 5.9 Results of ICP-OES analysis for the presence of trace amounts of Na, Li, and K species.
Wash 1

Sample

Presence
of Na, Li or
K?

BM + 0.1g
NaCl
BM + 0.1g
LiCl
BM + 0.1g
KCl
SCS + 1:0.5
NaCl
SCS + 1:0.5
LiCl
SCS + 1:0.5
KCl

Yes

Yes

Yes

Yes

Yes

Yes

SCS + 1:0.5
NaOAc

Wash 2

Species
Present,
approx.
amt.
Na,
22ppm
Li, 1-2
ppm
K, 1622ppm
Na, overrange
Li, overrange
K, overrange

Presence
of Na, Li or
K?

Yes

Yes

Yes

Yes

Yes

Yes

Wash 3

Species
Present,
approx.
amt.
Na, 1.491.73ppm
Li, 0.171.00ppm
K, 1.48ppm
Na, 81.7282.04ppm
Li, 31.6332.48ppm
K,
>106.64ppm

Presence
of Na, Li or
K?

Yes

Yes

Yes

Yes

Yes

Yes

Wash 4

Species
Present,
approx.
amt.
Na,
0.29ppm
Li,
0.26ppm
K,
0.67ppm
Na, 6.486.57ppm
Li, 8.328.60ppm
K, 9.5912.22ppm

Presence
of Na, Li or
K?

Species
Present,
approx.
amt.

-

-

-

-

-

-

Yes

Yes

Yes

Na, 0.600.90ppm
Li, 2.862.98ppm
K,
1.24ppm

K, 3 ppm
Yes

Na, over-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

range
SCS + 1:0.5
NaSCN

K, 2 ppm
Yes

Na, overrange

SCS + 0.1g
NaCl
SCS + 0.1g
NaOAc

Yes

Yes

SCS + 0.1g
NaSCN

Na, 34
ppm
Na, 12
ppm
K, 1ppm

Yes

Na, overrange

*All SCS samples in this portion of the study used a 1:1 molar relationship of metal:fuel with hydroxylamine as the chosen fuel. Components
(oxidizer, fuel, diluent) were combined and mixed in a 100-mL evaporating dish, after which the dish was placed in a preheated furnace at
500°C. The solution reacted vigorously, generally yielding a white powder. At times, this powder did appear yellow, likely due to sintering
phenomena occurring at the high temperatures which are often achieved during SCS reactions.
+The washed samples were all as-produced without microwave sintering.
**Select experiments were analyzed for the presence of Na, Li, and K throughout the necessary washes. Other samples were analyzed to
verify initial presence of the species in the wash. This was done in an effort to conserve time and resources.
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Figure 5.38 PXRD patterns of samples obtained under the parameters of 700 RPM, nine of the
10-mm balls, and Si3N4 system in a planetary ball mill using various solid diluents chosen to
investigate potential intercalation of species. Generally, the small quantity of diluent added in
the mill did not result in drastically obvious changes to the patterns, instead showing
primarily the YAG:Ce phase. Samples were labeled according to their resemblance to the YAG
(•) and YAP () references.
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Figure 5.39 PXRD patterns of select solution combustion-produced samples used in the
intercalation study. The larger amount of diluent utilized in the solution combustion samples
seemed to indicate the presence of intercalated species even after four thorough washes.
Hydroxylamine was utilized as the fuel. Peaks indicative of the desired YAG phase are labeled
as has been consistent in the other patterns of the chapter. However, there are several peaks
which can likely be attributed to potential intercalation of species or side products (likely an
aluminate species). Samples were labeled according to their resemblance to the YAG (•) and
YAP ().
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Figure 5.40 FTIR spectrum of the SCS-prepared sample utilizing hydroxylamine as a fuel (1:1) and no diluent
additive. Samples were prepared as previously described in a preheated 500°C oven. Peaks indicative of the metaloxide vibrations and locations indicative of water stretches have been noted in the spectrum. 40, 333
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Figure 5.41 FTIR spectrum of the SCS-prepared sample utilizing hydroxylamine as a fuel (1:1) and NaCl additive (1:0.5)
both prior to and following several wash cycles. Samples were prepared as previously described in a preheated 500°C
oven.
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Figure 5.42 FTIR spectrum of the SCS-prepared sample utilizing hydroxylamine as a fuel (1:1) and LiCl additive (1:0.5)
both prior to and following several wash cycles. Samples were prepared as previously described in a preheated 500°C
oven.
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Figure 5.43 FTIR spectrum of the SCS-prepared sample utilizing hydroxylamine as a fuel (1:1) and KCl additive (1:0.5) both
prior to and following several wash cycles. Samples were prepared as previously described in a preheated 500°C oven.
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the SCS hydroxylamine samples utilizing a 1 to 0.5 ratio of metal to NaCl, LiCl, and KCl,
respectively, both prior to and after washing in the fashion described for ICP- OES. Figure 5.44
compares an NaCl sample spectrum to one obtained from a SCS sample utilizing hydroxylamine
as fuel and 0.1g added NaCl diluent. Figure 5.45 compares a melamine sample spectrum to one
obtained from a ball mill sample. All SCS reactions have been carried out using a 500°C oven, 100mL evaporating dishes, and a YAG:Ce stoichiometric ratio while the BM sample was conducted
using seven of the 10-mm balls, 700 RPM speed, and a Si3N4 system. All samples analyzed were
microwave sintered.
Generally, if water is present in an FTIR spectrum, there will be a broad band occurring at
roughly 3500 cm-1, which can be attributed to the O-H stretching vibration, and at 1600 cm-1,
which can be attributed to H-O-H bending.40, 334-335 Absorption peaks at approximately 2200 and
2350 cm-1 can be attributed to CO2 and CO presence.335 Further, the peaks which can occur
between 1100-1700 cm-1 are attributed to the vibrations of nitrate moieties.40 Upon transition
to the oxides, it is anticipated that the background and nitrate moieties will diminish and peaks
between 600-1000 cm-1 will become dominant (characteristic of the YAG metal-oxygen
frequencies of Al-O, Y-O, and Y-O-Al stretches).40,

334

Preliminary background investigations

showed a strong presence of peaks which were found to likely belong to background H2O, CO2,
and CO species.
It is evident that all SCS species, which had been prepared using nitrate precursor
solutions, do not show strong evidence of remaining water or nitrate moieties following
treatment in the 500°C preheated oven for 10 minutes followed by microwave sintering. The
spectrum in Figure 5.40 shows only the anticipated metal-oxygen vibrations which are consistent
with stretches characteristic of YAG species. Spectra in Figures 5.41-5.43 show the SCS diluentassisted samples both prior to and after washing and while the NaCl and LiCl do not illustrate
significant changes between the obtained sample spectra, the sample utilizing KCl appears to
show a significant presence of moisture in the sample prior to washing.335 This may likely be due
to the hygroscopic nature of several potassium-containing species. However, upon washing, this
excess moisture appears to be removed, further indicating the removal of secondary species.
Figure 5.41 and 5.44 show largely this same spectrum, likely due to the transparency of NaCl to
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Figure 5.44 FTIR spectra of a crystalline powder NaCl sample compared to that the SCS-prepared sample utilizing
hydroxylamine as a fuel (1:1) and NaCl additive (0.1g) prior to washing. Samples were prepared as previously described in a
preheated 500°C oven.
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Figure 5.45 FTIR spectra of a crystalline powder NaCl sample compared to that the mechanochemically-prepared sample
utilizing melamine additive (0.1g) prior to washing. Samples were prepared as previously described utilizing a Si3N4
system.
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this measurement method. Interestingly, results from the melamine sample in Figure 5.45 are
consistent with the results anticipated; as melamine is an organic species which readily sublimes,
the temperatures achieved within the mill during the production process leave significantly
diminished traces of the melamine sample following milling and heat treatment.

5.4 Stoichiometric Control
After the results obtained thus far indicated no selective formation of YAP or YAM,
additional SCS studies were conducted using stoichiometric control of the precursors added.
Precursors were mixed to stoichiometrically produce YAP:Ce (Y0.98AlO3Ce0.02). As with the
previous SCS experiments in this chapter, samples were prepared in an evaporating dish and
allowed to homogenize for a short duration of time in a 40-60°C oven. These samples were then
placed in a preheated 500°C furnace for 10 minutes, during which time a vigorous reaction
occurred, generally resulting in a fine powdered sample. Samples were allowed to cool, after
which they were ground in an agate mortar and pestle. A small sample of the batch material was
then microwave sintered for approximately 7 minutes. PXRD results of two batches without
diluent additive using two different fuels are given in Figure 5.46. As is illustrated in the figure,
stoichiometric control does appear to predominantly yield the YAP phase, but peaks indicative of
both the orthorhombic and hexagonal forms are present. While the evolution of the phases does
not appear to be completely pure, hydroxylamine appears to evolve the orthorhombic phase of
YAP predominantly while the citric acid evolves the hexagonal phase of YAP predominantly.
However, there is likely contamination between the forms in both patterns.
To preliminarily test the theory from earlier concerning the potential templating agents,
the same diluents were utilized using the YAP:Ce ratio (NaCl, NaOAc, and NaSCN). All PXRD
patterns were collected using the hydroxylamine as fuel and the same 1 to 0.5 metal:diluent ratio
(Figure 5.47). As occurred previously following the combustion and microwave sintering, the
sodium thiocyanate yielded pure garnet phase. The NaCl and NaOAc diluents, on the other hand,
yielded YAP. From the results, the patterns for these two latter diluent samples show the
hexagonal YAP phase predominantly with some peaks likely attributable to the orthorhombic YAP
phase.
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Figure 5.46 PXRD patterns illustrating the effect of variations in fuel chosen on the products of
two SCS reactions using stoichiometrically mixed precursors aiming for the production of
YAP:Ce. The fuels were held at a 1:1 metal:fuel ratio. Samples were labeled according to their
resemblance to the YAP () hexagonal and orthorhombic phases. A couple of the minor peaks
can likely be attributed to the beginning formation of YAG (•).
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Figure 5.47 PXRD patterns illustrating the effect of various diluents on the selective
production of YAP using hydroxylamine as a fuel. Precursors added were mixed in accordance
with the YAP:Ce ratio. Samples were labeled according to their resemblance to the YAG (•)
and YAP(). While the NaSCN sample yielded pure garnet phase, the NaCl and NaOAc yielded
YAP (predominantly hexagonal form with some potential peaks from orthorhombic or side
product species).
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The next step in this research would be to conduct more thorough heat treatment studies
to see if a lower temperature may aid in the selective formation of YAP over YAG. As the earlier
studies appeared to indicate that microwave sintering promotes garnet formation, a furnace may
need to be utilized for future heat treatment studies.

5.5 Cellulose-Assisted Solution Combustion Synthesis
Investigation into literature involving novel solution combustion techniques yielded some
intriguing results about the cellulose-assisted solution combustion approach. In what has been
described as an effort to improve the characteristics of obtained products and increase control
of rapid combustion processes, the “impregnated layer combustion synthesis (ILCS)” approach
has been proposed.336 The authors pursuing this method impregnate some media with a reactive
solution, such as in the impregnation of cellulose paper. In this example, the paper itself serves
as the fuel for the reaction. This method has been praised for its more controllable reactions
described as much safer than typical SCS processes, more energy-efficient, and have proved
effective for the production of various materials.207, 290, 336-337
As a variation from established methods, a series of experiments were conducted to
examine the effect of hydroxypropyl cellulose (HPC) addition to a conventional SCS reaction. The
HPC material has been used in a previous study by Park, et al., involving the formation of size and
shape-controlled TiO2 particles by the thermal hydrolysis of titanium chloride (TiCl4) in a mixed
solvent involving propanol (n-PrOH) and water. It was found that HPC acted as a steric dispersing
agent and that the addition of HPC led to the formation of discrete TiO 2 particles with a narrow
size distribution just below the micron region. Comparatively, particles obtained through the
same method without the added HPC showed the formation of hard agglomerates between
particles.338 In this case involving the adsorption of additives (surfactants, dispersing agents) on
the surface of oxide nanoparticles, the HPC adsorbs to the surface of these particles, and can thus
be used as a dispersant to efficiently prevent hard agglomerates in the formed particles.339 In the
execution of these experiments, various amounts of powdered HPC were added to the solution
combustion precursor materials. Descriptions and results of the experiments are given in Table
5.10.
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Table 5.10 Collected results following an adapted hydroxypropyl cellulose (HPC)-assisted
YAG:Ce production method. 
Experiment
No.

Approx. Amount of HPC (g)

Results
Gel-like consistency after HPC addition to
precursors. Dominant appearance of YAG phase.

1

10.8

Possible contamination from YAM or YAP due to
presence of two small peaks in the range of 27-31
2θ (°).ᴥ
Slightly less gel-like in consistency, with large
pustules of HPC in the precursor solution*

2

10.8⁄ = 5.4
2

Dominant appearance of YAG phase. Possible
contamination from YAM or YAP with peak at
approximately 31 2θ (°).ᴥ

3

10.8⁄ = 2.7
4

Smaller gel-like pustules of HPC in the precursor
solution.* Dominant appearance of YAG phase.
Even smaller gel-like pustules of HPC in the

4

10.8⁄ = 1.4
8

precursor solution.* Dominant appearance of YAG
phase.



Stoichiometrically mixed nitrate solutions were placed in a 100-mL evaporating dish, then into a preheated 500°C

furnace for approximately 15 minutes, during which a vigorous reaction occurred.
*
ᴥ

Attempts were made to break these pustules into smaller constituents prior to heating in preheated furnace.

Relative intensities of these peaks were 10% or less the dominant peak size in the PXRD pattern.
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Interestingly, the addition of hydroxypropyl cellulose led to dominant YAG phase
presence in all cases. The presence of minor peaks in the patterns of experiments 1 and 2 may
indicate the presence of either YAM or YAP. PXRD patterns are given in Figure 5.48.
Scherrer analysis was conducted (Figure 5.49) on six dominant peaks (30, 33, 37, 41, 47,
and 53 2θ (°) listed 1-6 in order of increasing value). Overall, the general trend illustrated a slight
decrease in approximate crystallite size with increased amounts of HPC, with 10.8g of added HPC
resulting in an average crystallite size of roughly 16.1 nm, 5.4g HPC with an average of 16.4 nm,
2.7g HPC with an average of 19.7 nm, and 1.4g HPC with an average of 17.8 nm.
SEM images of the samples with 10.8g of added HPC and 1.4g of added HPC are given in
Figure 5.50. According to these images, while the overall morphology between samples produced
via this approach are very similar in appearance, the pores in the sample with 1.4g of added HPC
have pores approximately half the size of those in the 10.8g sample. However, with the vigorous
nature of the reactions occurring, correlation does not imply causation. Compared to the shapeand size-controlled samples obtained in the aforementioned TiO2 study by Park, et al., 338 the
resulting powders were not spherical and appear to show a hard, porous structure. This appears
consistent with what might be expected based on the gas evolution associated with the SCS
technique.
When considering the addition of HPC in SCS reactions, it is also important to note the
potential hazards of large amounts. While Scherrer analysis appeared to indicate a general
decrease in crystallite size with increased amounts of HPC, it also resulted in the evolution of
combustible dust. As discussed in the introductory material of Chapter 4, the flaming properties
are not only dangerous for scalability, but also could lead to the evolution of materials larger than
nanoscale (i.e., increased exothermicity due to a flaming reaction).205
While these results indicate a promising avenue for continued research, significant testing
should still be conducted, including in the use of various forms of soluble cellulose and its
derivatives, including: cellulose powder, cellulose fibers, and species with variations in lignin
content (which have been found to slow the rate of pyrolysis for more controllable reactions340).
Continued research in this field could lead to another form of diluent-assisted formation of

196

Figure 5.48 Normalized PXRD patterns obtained in the HPC study along with an isolated inset illustrating the increasing
presence of the contamination peak at approximately 31 2θ (°). This peak, while only 1/10 the size of the dominant peak
in the patterns, appears to gradually increase as HPC content is increased.
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Figure 5.49 Scherrer analysis using six of the dominant peaks in the PXRD patterns located, in order, at
approximately 30, 33, 37, 41, 47, and 53 2θ (°), respectively.
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Figure 5.50 SEM images of two samples utilizing HPC as an accelerant. Images in the left column pertain to 10.8g added
HPC (red) while those in the right pertain to 1.4g added HPC (purple). According to these images, the pores in the sample
with 1.4g of added HPC have pores approximately half the size of those in the 10.8g sample.
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materials in which a templating agent is utilized. Additionally, as HPC proved promising for
colloidal TiO2 formation by Park, et al., other solution-based techniques with less gas evolution
may be advantageous for future studies.

5.6 Conclusions and Future Work
Research presented herein explored the use of various size control methods and their
application in both the planetary ball mill and solution combustion synthesis approaches. While
the ambitious aims of investigating the individual production of the YAG, YAP, and YAM phases
were not completely achieved in this study, the groundwork has been laid for potential future
research into this field. Potential avenues are proposed in the diagram of Figure 5.51. Some of
these proposed experiments include utilization of different temperatures (as higher
temperatures will lead to the formation of necking agglomerates and/or promotion of the
thermodynamically favorable garnet phase), continued replication studies using the
stoichiometric ratio of each respective phase (in an effort to promote the selective formation of
YAG, YAP or YAM), and utilization of other novel diluent compounds (namely organic compounds
which may act as a buffer against agglomeration similar to the salts without the formation of
secondary compounds). Additionally, while the ball mill studies conducted herein focused on the
bottom → up approach for the production of YAG, further studies in this field may want to focus
on simply the top → down approach to reduce the size of premade YAG, theoretically leading to
less incorporation of secondary components.
To determine the optimal amount of diluent additive, further experiments are necessary.
However, in these preliminary studies, the smaller amount seemed to be preferable. The amount
of diluent added to the system can have profoundly noticeable results, especially when larger
quantities of diluent additive are added to the system. The ionic salts NaCl, LiCl, and KCl showed
contamination in the resulting PXRD patterns. However, this study showed that NH 4Cl and
melamine may be advantageous for future studies; both appeared to produce powders with
smaller crystallites, and both would readily dissipate via gasification processes upon the
application of sintering temperatures.
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Figure 5.51 Some proposed avenues of future diluent-assisted studies.
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While the studies devoted to templating diluent salts did not behave precisely as
anticipated, they left potential future avenues of research. Namely, while the investigations of
this research focused on the utilization of the mechanochemical and solution combustion
synthesis techniques, a novel and very underdeveloped field of study has recently shown some
potential in this field—sonochemistry. As indicated in Chapter 1, the production of YAG has
occurred through sonochemical methods, but the ability of the components to have full solutionbased contact during synthesis may aid in the ability of the species to act as templating agents in
the selective formation of YAG (cubic), YAP (orthorhombic), and YAM (monoclinic).
Additionally, while the research presented herein largely focused on the idea of molecular
(i.e. sucrose) and ionic (i.e. sodium salts) diluent additives, future research may benefit from an
exploration of a combined molecular/ionic entity. Manipulating surface charge of species is a
frequently utilized technique in surfactant chemistry which may prove advantageous for these
studies.
In the studies presented herein, diluent studies were conducted utilizing planetary ball
milling and solution combustion synthesis. While this latter technique was the main method
utilized due to its ability to rapidly and efficiently test parametric variations. While this method
is known for the formation of hard agglomerates with varying pore-like structures, the addition
of diluent additives had a notable effect to the produced powders. Overall, diluent and additive
studies are a worthwhile realm for future investigation with many potential areas to pursue.
Continued research into this field may lead to promising insight into size-and morphology control
of produced powders via not only planetary ball milling and solution combustion synthesis, but
also for many other nanomaterial production methods.
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CONCLUSION
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The research presented herein may be best described as the making of nanoparticulate
materials suitable as precursor materials for hot isostatic pressing to give transparent crystalline
ceramic scintillators which may then be employed for photon detection purposes. This
dissertation consists of three primary studies to produce and optimize the above nanomaterials.
The materials explored included gadolinium aluminum gallium garnet (GAGG), lutetium
oxyorthosilicate (LSO), gadolinium yttrium gallium aluminum garnet (GYGAG), yttrium aluminum
garnet (YAG), yttrium aluminum perovskite (YAP), and yttrium aluminum monoclinic (YAM). The
powder production methodologies included high energy ball milling and solution combustion
synthesis. The produced powders were subsequently characterized through some combination
of powder X-ray diffraction (PXRD), excitation/emission measurements, scanning electron
microscopy (SEM), transmission electron microscopy (TEM), dynamic light scattering (DLS),
Fourier-transform infrared spectroscopy (FTIR), UV-excited photoluminescent decay time
studies, and inductively coupled plasma optical emission spectrometry (ICP-OES).
Project I: Parametric Study on the Production of Multicomponent Oxide Phosphors Through
Use of a Planetary Ball Mill
The production of cerium-doped gadolinium aluminum gallium garnet (GAGG:Ce), the
cerium-doped lutetium oxyorthosilicate (LSO:Ce) and cerium-doped gadolinium yttrium
aluminum gallium garnet (GYGAG:Ce) via planetary ball mill synthesis was presented. While
LSO:Ce is a widely utilized standard material, garnets have recently been employed as costefficient alternatives. Further, as garnet materials possess a cubic structure, they are desirable
precursors in pressed ceramics.
A detailed study was presented on theoretical and experimental considerations of the
powder production method. Three system materials were employed, including: Si 3N4, ZrO2, and
WC. Various characterization methods were utilized to verify phase formation and examine
characteristics of the various powders produced. The parametric study investigating GAGG:Ce
and LSO:Ce illustrated dependency on parameters including: (1) ball diameter, d, (2) main disk
speed, SD, (3) number of balls used, N, (4) mill components density (vials/balls), D, (5) precursor
powder mass, M. While results observed experimental were generally in line with the predicted
trends, some variation was observed, likely due to phenomena including sampling, degradation,
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and limitations of the mill itself. Future work may aim to refine available models to properly
address all phenomena occurring within a milling system.
Overall, this method may be an advantageous choice for future investigations, including
those for other materials not limited to oxides as seen herein. However, due to the inconsistency
in produced powder sizes obtained and agglomeration phenomena observed, it may be
advantageous to look at more size-controlled approaches.
Project II: Solution Combustion Synthesis of the GAGG:Ce Multicomponent Oxide Material
The production of GAGG:Ce was investigated utilizing a solution combustion synthesis
approach. Various furnace temperatures and fuel types were employed. A combination of
characterization techniques was utilized to verify and examine the produced powders. While this
method proved to be another method for the production of GAGG:Ce, it did appear to result in
predominantly “hard” agglomerates. While the approach presented in this project proved
insufficient for the size-controlled production of this inorganic oxide material, it may be utilized
as a rapid production method to quickly test variations in system parameters.
Project III: Studies on the Optimization and Selective Production of YAG, YAP, and YAM
Studies were presented on the selective production and size optimization of yttrium
aluminum garnet (YAG), yttrium aluminum monoclinic (YAM), and yttrium aluminum perovskite
(YAP) nanopowders utilizing a combination of high energy ball milling and solution combustion
techniques. A variety of diluent additives (both liquid and solid) were utilized. Characterization
techniques were employed to investigate the size, morphology, and additional characteristics of
produced powders. While several of the chosen diluents gave promising results, melamine
appeared to be a very promising material for future research.
Through utilization of salts with similar crystal structures, templating studies were
conducted to selectively produce YAG, YAP, and YAM. The three salts utilized included sodium
chloride (NaCl), sodium acetate, (NaOAc), and sodium thiocyanate (NaSCN). Even when using
stoichiometric control, NaOAc induced formation of YAP. This was not as anticipated since NaOAc
has a monoclinic structure. It is thought that this may be caused by the material acting as an
energy sink, wherein the diluent is decreasing the overall energy available in the system.

205

Therefore, instead of resulting in YAM (based on structure), YAP results. NaSCN, on the other
hand, likely decomposes upon application of these higher temperatures.
In a later study, cellulose-assisted solution combustion synthesis was utilized using
hydroxypropyl cellulose (HPC), which had been previously shown to aid in the size- and shapecontrol of metal oxides. Although the general trend indicated a slight decrease in Scherrercalculated crystallite size, powder morphology illustrated the presence of pore-like structures.
When the amount of HPC utilized in the precursor solution was increased, the resulting pores
appeared to get larger, which would seem consistent with a higher quantity of evolved gases.
However, this higher amount of HPC, while likely more flammable, also resulted in powders with
minor peak presence from secondary phase formation.
Overall, this project gave novel insight into the powder production and size-control of
inorganic scintillator materials. However, future studies should be aimed at the further
refinement of these methods.
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